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 Preface
 
 Our goal for the fourth edition of Equine Surgery was to maintain the high standard of the last edition and continue its position as the leading worldwide clinical reference and teaching textbook for clinicians, practitioners, surgery residents, and students. We, the editors, continued the format of the last edition by taking direct responsibility for inviting authors in the sections for which we were in charge; however, we exchanged the assignment of some sections between us. Prior to embarking on the detailed planning of the fourth edition, we asked a group of senior surgeons, ACVS and ECVS diplomates who recently passed their board examinations, and residents preparing for the certifying examination to evaluate the third edition for omissions that would improve the textbook as well as for chapters that could be excluded to make room for new material. The results of these evaluations were passed on to each contributor to this edition, and it greatly improved the content of the book. We thank Dr. Gary Baxter from Colorado State University, Dr. Larry Galupo from the University of California, Davis, Dr. John Peroni from the University of Georgia, Dr. Kimberly Johnston from Michigan State University, Dr. Rich Redding from North Carolina State University, Dr. Gabor Bodo from Budapest, and Dr. Jan Kümmerle from the University of Zurich in Switzerland for their service in review of the third edition. We have continued to focus on the clinically relevant aspects of equine surgery, presenting information in a concise, understandable, and logical format. Extensive use of figures, tables, cross-referencing within and among sections, and a comprehensive index help make the fourth edition of Equine Surgery a quick and easy-to-use reference textbook.
 
 ORGANIZATION The book contains twelve sections, starting with surgical biology, surgical techniques, and recent advances in anesthesia, and
 
 followed by sections pertaining to all organ systems with one new section on diagnostic imaging. Each section is logically structured and supported extensively by photographs and tables. A comprehensive list of references completes each chapter. Additionally, we prepared appendixes that list drugs and products, their American and European manufacturers (where applicable), and the chapters where they were mentioned throughout the text.
 
 KEY FEATURES OF THE FOURTH EDITION We have retained all of the features that were popular in the first three editions and have significantly updated all chapters in the fourth edition. We continued to select known and novel contributors who are recognized as experts in their fields to author the chapters in this edition.
 
 New Features The new features include: • Thoroughly revised and updated content with expanded coverage on current and new topics throughout the textbook • Expanded use of the expertise of more ECVS authors to acquire additional international representation • The addition Chapter 8, Regenerative Medicine, responding to the current trend in equine therapeutic medicine • Expansion of the new science and expertise in diagnostic imaging, which was compiled into a section of its own— Section XI, Diagnostic Imaging Examination • Reorganized and updated Section VIII, Eye and Adnexa • Added Chapter 101, Temporomandibular Joint Disorders, and Chapter 103, Postoperative Physiotherapy for the Orthopedic Patient
 
 xi
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 S E CT I O N
 
 SURGICAL BIOLOGY John A. Stick
 
 I
 
 CHAPTER
 
 Shock: Pathophysiology, Diagnosis, Treatment, and Physiologic Response to Trauma
 
 1
 
  
 
 Elizabeth A. Carr
 
 DEFINITION OF SHOCK In 1872 the trauma surgeon Samuel D. Gross defined shock as “the rude unhinging of the machinery of life.” Shock is the progression of a cascade of events that begins when cells or tissues are deprived of an adequate energy source (oxygen). Shock occurs as a result of inadequate tissue perfusion; the lack of an adequate energy supply leads to the buildup of waste products and failure of energy-dependent functions, release of cellular enzymes, and accumulation of calcium and reactive oxygen species (ROS) resulting in cellular injury and ultimately cellular death. Activation of the inflammatory, coagulation, and complement cascades result in further cellular injury and microvascular thrombosis. The amplification of these processes coupled with increased absorption of endotoxin and bacteria (due to liver and gastrointestinal dysfunction) lead to the systemic inflammatory response syndrome (SIRS) (see Chapter 2), and multiorgan dysfunction and if uncontrolled, ultimately death.
 
 Classifications of Shock Tissue perfusion is dependent on blood flow. The three major factors affecting blood flow are the circulating volume, cardiac pump function, and the vasomotor tone or peripheral vascular resistance. The interplay of these three factors can be seen in the formula for cardiac output (CO): Cardiac output (CO) = Stroke volume × Heart rate CO ultimately determines the blood flow to tissues and is regulated, in part, by the stroke volume. Stroke volume is affected by the preload (amount of blood returning from the body and entering the heart), the cardiac contractility (muscle function), and the afterload or arterial blood pressure the heart must overcome to push blood through the aortic and pulmonic valves. Preload is directly affected by the circulating blood volume or amount of blood returning to the heart. Causes of decreased preload include loss of volume, hypovolemia, decreases in vasomotor tone, and vasodilation, which results in pooling of blood in capacitance vessels and decreased return to the heart. In this situation, although the total volume of blood remains unchanged, the effective circulating volume decreases. Afterload,
 
 the third component of CO, is directly affected by vasomotor tone or peripheral vascular resistance. If vascular resistance or tone increases, afterload also rises (hypertension) with a resultant fall in CO and perfusion. The opposite extreme is a severe fall in vascular resistance, which results in pooling of blood in capacitance vessels and a fall in blood pressure and preload, and it ultimately results in inadequate perfusion and shock. CO or flow can, therefore, also be described by the equation: CO = Blood pressure Total peripheral vascular resistance Shock most commonly occurs because of one of three primary disturbances and can be classified accordingly. Hypovolemic shock is the result of a volume deficit, either because of blood loss (e.g., resulting from profound hemorrhage), third space sequestration (e.g., occurring with a large colon volvulus), or severe dehydration. Cardiogenic shock or pump failure occurs when the cardiac muscle cannot pump out adequate stroke volume to maintain perfusion. Distributive shock or microcirculatory failure occurs when vasomotor tone is lost. Loss of vascular tone can result in dramatic fall in both blood pressure and venous return. Although the drop in blood pressure will initially decrease afterload (which will improve CO), the pooling of blood and loss of venous return results in a severe decrease in preload and consequently, decreased CO and perfusion. Common causes of distributive shock include neurogenic shock, septic shock, and anaphylactic shock. Because distributive shock is a loss in effective circulating volume, fluid therapy is indicated to help restore perfusion. In contrast, cardiogenic shock is the result of pump failure, and fluid therapy may actually worsen clinical signs. Less commonly, shock can develop when increased metabolic demand results in relative perfusion deficits or when oxygen uptake is impaired because of mitochondrial failure, sometimes termed relative hypoxia or dysoxia. It is important to recognize that although the inciting cause may differ, as shock progresses, there is often failure of other areas as well. For example, untreated hypovolemic shock can result in microcirculatory failure (loss of vasomotor tone) as oxygen debt causes muscle dysfunction and relaxation. Alternatively, hypovolemic shock can result in myocardial failure as perfusion deficits affect energy supply to the 1
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 myocardium (coronary artery blood flow), resulting in decreased cardiac contractility. Consequently, as shock progresses, treatment may require addressing all three disturbances. An additional category called obstructive shock is described where the mechanism underlying shock is the obstruction of ventilation, or CO. This process is most commonly caused by tension pneumothorax (resulting in decreased venous return) or pericardiac tamponade, resulting in inadequate ventricular filling and stroke volume. Over time as aortic blood pressure falls, coronary artery blood flow is reduced, and myocardial ischemia and finally myocardial failure may develop. Because obstructive shock is ultimately a combination of the other three categories and rarely occurs in large animals, we will not discuss it further.
 
 PATHOPHYSIOLOGY OF SHOCK A blood loss or hypovolemic model of shock will be used to describe the pathophysiology of shock. Shock is usually defined by the stage or its severity. Compensated shock represents an early or mild shock, during which the body’s response mechanisms are able to restore homeostasis. As blood volume is depleted, pressure within the vessels falls. Baroreceptors and stretch receptors located in the carotid sinus, right atrium, and aortic arch sense this fall in pressure. These receptor responses act to decrease inhibition of sympathetic tone while increasing inhibition of vagal activity and decreasing the release of atrial natriuretic peptide (ANP) by cardiac myocytes. The increase in sympathetic tone and fall in ANP results in vasoconstriction, which increases total peripheral resistance and thereby increases blood pressure. Increased sympathetic activity at the heart increases heart rate and contractility, hence increasing stroke volume (SV) and CO. In addition, peripheral chemoreceptors stimulated by local hypoxia respond by enhancing this vasoconstrictive response. In mild to moderate hypovolemia these responses are sufficient to restore perfusion. Because these compensatory responses result in tachycardia, increased SV (increased pulse pressure), and shortened capillary refill time (CRT), the term hyperdynamic is often used to describe this stage of shock. The vasoconstrictive response will vary between organ systems, with the greatest response occurring in the viscera, integument, and kidney. Cerebral and cardiac flow is preferentially maintained in mild to moderate hypovolemia. Although this response improves blood pressure and flow, it also decreases perfusion to individual microvascular beds, worsening local hypoxia. Consequently, as volume depletion worsens, certain tissues and organs will become ischemic more rapidly than others. Other compensatory responses help to restore blood volume. An increase in precapillary sphincter tone results in a drop in capillary hydrostatic pressure, which favors movement of fluid into the capillary bed from the interstitium. This transcapillary fluid movement helps restore circulating volume by creating an interstitial fluid deficit. Transcapillary fill is sufficient to restore circulating volume with blood loss of 15% or less. In addition to transcapillary fill, a decrease in renal perfusion results in secretion of renin from juxtoglomerular cells located in the wall of the afferent arteriole. Renin stimulates production of angiotensin I, which, after conversion to angiotensin II, increases sympathetic tone on peripheral vasculature and promotes aldosterone release from the adrenal cortex.
 
 Aldosterone restores circulating volume by increasing renal tubular sodium and water reabsorption. Vasopressin, released from the posterior pituitary gland in response to decreased plasma volume and increased plasma osmolality, is a potent vasoconstrictor and stimulates increased water reabsorption in the renal collecting ducts. Finally, an increase in thirst and a craving for salt is mediated by both the renin-angiotensin system and a fall in ANP (Figure 1-1). With more severe blood loss (15% or more), compensatory mechanisms become insufficient to maintain arterial blood pressure and perfusion of vital organs. This stage is termed uncompensated or hypodynamic shock. Ischemia to more vital organs including the brain and myocardium begins to develop. Blood pressure may be maintained, but clinical signs including resting tachycardia, tachypnea, poor peripheral pulses, and cool extremities are present. Mild anxiety may be apparent as well as sweating from increased sympathetic activity. Urine output and central venous filling pressure will drop. As blood loss progresses, compensatory mechanisms are no longer capable of maintaining arterial blood pressure and perfusion to tissues. Severe vasoconstriction further worsens the ischemia such that energy supplies are inadequate and cellular functions (including the vasoconstriction responses) begin to fail. In addition, accumulations of waste products of metabolism (lactate and CO2) cause progressive acidosis and further cellular dysfunction. At the cellular level the combination of decreased oxygen delivery and increased accumulation of waste products results in loss of critical energy-dependent functions, including enzymatic activities, membrane pumps, and mitochondrial activity, leading to cell swelling and release of intracellular calcium stores. Cytotoxic lipids, enzymes, and ROS released from damaged cells further damage cells, triggering inflammation. Inflammatory cell influx, activation of the arachidonic acid cascade, the complement cascade, and the release of enzymes and ROS cause further cellular injury. Mitochondrial failure, calcium release, and reperfusion, if present, further increase production (and decrease scavenging) of ROS. Endothelial cell damage and exposure of subendothelial tissue factor further activate the coagulation and complement cascades. Formation of microthrombi coupled with coagulopathy impedes blood flow to the local tissues, worsening the already deteriorating situation. The lack of energy supplies coupled with accumulation of toxic metabolites, microthrombi formation, and the inflammatory injury ultimately result in vascular smooth muscle failure and vasodilation. The end results of decompensated shock are a pooling of blood and additional decreases in blood pressure, venous return, CO, and perfusion, ultimately resulting in organ failure (Figure 1-2). Failure of the gastrointestinal tract manifests itself as loss of mucosal barrier integrity resulting in endotoxin absorption and bacterial translocation. Renal ischemia leads to renal tubular necrosis and the inability to reabsorb solutes and water and excrete waste products. At the cardiac level, the continued fall in blood pressure and venous return decreases coronary blood flow. Cardiac muscle ischemia leads to decreased contractility and CO and ultimately to further deterioration of coronary artery blood flow. Acidosis and ischemia accentuate the depression of cardiac muscle function. These changes in combination with decreased venous return worsen hypotension and tissue perfusion (Figure 1-3). As the situation deteriorates, compensatory mechanisms designed to continue to perfuse more vital organs like the heart
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 HYPOVOLEMIA Decreased cardiac output
 
 Loss of baroreceptor stretch
 
 Increased serum osmolality
 
 Signal travels via 9th &10th cranial nerves
 
 HYPOTHALAMUS
 
 MEDULLA OBLONGATA removes sympathetic inhibition
 
 ACTH release
 
 Increased sympathetic stimulation
 
 ADRENAL MEDULLA
 
 Renin-angiotensin activation
 
 ADH release
 
 KIDNEYS increased Na & H2O retention
 
 Aldosterone release
 
 Cortisol release
 
 LIVER gluconeogenesis protein synthesis
 
 Epinephrine release
 
 VESSELS increased constriction
 
 Norepinephrine release
 
 HEART increased rate and contractility
 
 INCREASED INTRAVASCULAR VOLUME AND CARDIAC OUTPUT
 
 Figure 1-1.  Physiologic compensatory responses to hypovolemia. ACTH, Adrenocorticotropic hormone; ADH, antidiuretic hormone. (From Rudloff E, Kirby R: Vet Clin North Am Small Anim Pract 24:1016, 1994.)
 
 Hypovolemia Blood pressure Vasoconstriction Failure of precapillary sphincters Peripheral pooling of blood
 
 Inadequate perfusion Cellular hypoxia Energy deficits Anaerobic metabolism Lactic acid accumulation Metabolic acidosis
 
 Activation of: Inflammatory, complement, coagulation cascades
 
 Cell membrane dysfunction/failure
 
 SIRS
 
 Intracellular lysosomal enzyme release Reactive oxygen species
 
 Multi organ dysfunction
 
 Toxic substances enter circulation Capillary endothelial damage Microthrombi Further destruction/dysfunction Cell death Figure 1-2.  Cellular cascade of events that occur as the result of hypovolemia, poor perfusion and decreased oxygen delivery. SIRS, Systemic inflammatory response system.
 
 4 
 
 SECTION I  SURGICAL BIOLOGY
 
 and brain will continue to limit flow to other organs. This response results in the sparing of one organ with irreversible damage to another. Consequently, an individual may recover with aggressive intervention only to succumb later because of failure of these “less vital” organs. If blood flow is restored, these activated cellular and immunochemical cascades are washed into the venous circulation and lead to SIRS, multiple organ failures, and death (see Chapter 2). Intervention can no longer stop the cascade of events, and cellular, tissue, and organ damage is too severe for survival.
 
 CLINICAL SIGNS OF SHOCK Clinical signs of shock depend on the severity and persistence of blood loss. The American College of Surgeons advanced trauma life support guidelines divide shock into four categories with progressive blood loss.
 
 Decreased cardiac output Decreased venous return
 
 Decreased myocardial function
 
 Decreased myocardial contraction
 
 Decreased coronary perfusion
 
 Intracellular fluid loss
 
 Decreased blood pressure
 
 Metabolic acidosis Cell hypoxia Decreased tissue perfusion Microcirculatory damage
 
 Microcirculatory obstruction Cellular aggregation
 
 Figure 1-3.  Viscious cycle of cellular and organ failure in shock.
 
 With mild blood loss of less than 15% blood volume (Class I), the body is capable of restoring volume deficits via compensatory responses and there may be little to no change in physical parameters other than a fall in urine output. Blood pressure is maintained. Clinical signs typically become apparent when blood loss exceeds 15%. Early Class II blood loss (15% to 30%) is defined as the onset of hyperdynamic shock. Clinical signs include tachycardia, tachypnea, and bounding pulses (increased CO and peripheral vascular resistance). Mental agitation or anxiety is present, and increased sympathetic output results in pupil dilation and sweating. Although these compensatory mechanisms can normalize blood pressure, perfusion deficits will persist and can be detected by blood gas analysis (increased lactate and an anion gap metabolic acidosis). If blood loss continues, or if hypovolemia persists, compensatory mechanisms can become insufficient to restore circulating volume and decompensatory shock begins (Class III or moderate hypovolemic shock). At this time profound tachycardia and tachypnea, anxiety, and agitation are present. Urine output may desist, jugular filling and CRT are prolonged, pulse pressure is weak, and extremity temperatures are decreased. If blood gases are collected, a high anion gap acidosis and significant hyperlactatemia will be present (Table 1-1). Blood pressure will fall despite increases in heart rate, cardiac contractility, and total peripheral resistance. Without intervention, continued cellular hypoxia and acidosis result in failure of compensatory mechanisms, causing peripheral vasodilation and decreased cardiac contractility. A vicious cycle ensues with decreased coronary artery perfusion causing decreased cardiac function, resulting in decreased CO and a further fall in perfusion (see Figure 1-3). If uncontrolled, clinical signs will progress from tachycardia and anxiety to bradycardia, obtundation, anuria, profound hypotension, and circulatory collapse.
 
 TREATMENT Fluid Administration Regardless of the underlying etiology of shock (cardiac failure, blood loss, or distributive problems), the greatest need is to restore perfusion and oxygen delivery to the tissues. Delivery of oxygen is determined by the concentration of oxygen in the blood as well as the amount of blood perfusing the tissue. The
 
 TABLE 1-1.  Clinical Assessment of the Different Stages or Progression of Shock Parameter
 
 Mild Compensated Shock Class I
 
 Moderate Hypotension/ Shock Class II-III
 
 Extremity temperature Mentation Urine output CRT
 
 May be normal or cool Normal to anxious Decreased Normal to prolonged
 
 Cool Agitation to lethargy Decreased Prolonged
 
 Heart rate Respiratory rate Blood pressure Oxygen extraction ratio PvO2 Blood lactate Arterial pH Central venous pressure
 
 Normal to tachycardia Normal to tachypnea Normal May be normal May be normal Mild increase Normal to acidotic Normal to low
 
 Tachycardia Tachypnea Normal to decreased Increased Decreased Increased Normal to acidotic Low
 
 CRT, Capillary refill time.
 
 Severe Hypotension/Shock Class III-IV Cool to cold Obtunded Anuria possible End stage shock may be shortened because of blood pooling in peripheral tissues Severe tachycardia; bradycardia at end stage Tachypnea; bradypnea possible at end stage Decreased Increased Decreased Markedly increased Acidotic Low
 
 concentration of oxygen per volume of blood is determined by the amount of hemoglobin or red cell mass and the saturation of that hemoglobin. It is important to assess both the hemoglobin concentration and the oxygen saturation because these will affect oxygen delivery. Decreased oxygen delivery is most commonly the result of decreased perfusion, not decreased oxygen content, but it is critical to evaluate all contributing factors when planning a treatment protocol for an individual in shock. Because hypovolemia is the most common cause of shock in the adult horse, fluid therapy is usually vital to restoring oxygen delivery. Extensive research efforts have addressed the determination of the ideal types and volumes of fluid for treating hypovolemic shock. In the past, recommendations have been to rapidly infuse large volumes of isotonic crystalloids to replace circulating volume (shock dose). Because of their accessibility and low viscosity, crystalloids can be rapidly given and quickly restore volume. However, approximately 80% of the volume of administered crystalloids will diffuse out of the vascular space into the interstitial and intercellular space. Consequently, when using crystalloids, replacement volumes must be 4 to 5 times greater than the volume lost in order to restore the intravascular volume. In acute blood loss or hypovolemic states, this approach will result in excess total body water and extreme excesses of sodium and other electrolytes. This movement of fluid out of the vascular space is further exacerbated if the underlying disease process causes vascular leak syndrome, because intravascular colloid oncotic pressure will fall, favoring greater fluid movement out of the vascular space. In addition, if the electrolyte constituents of isotonic crystalloids differ from those in the intracellular space, cellular swelling will ensue. Cellular swelling affects the activity of various protein kinases; increases intracellular calcium concentrations; alters ion pump activity, membrane potential, and cytoskeletal structure; and activates phospholipase A2.1 Consequently, crystalloids can trigger or potentiate an inflammatory response and have a negative impact in the face of ischemia and reperfusion. Furthermore, large-volume infusions can result in significant complications including abdominal compartment syndrome, acute respiratory distress syndrome, congestive heart failure, gastrointestinal motility disturbances, and dilutional coagulopathy.2 Clinical trials have questioned the need for complete and rapid restoration of volume to maximize survival. In multiple hemorrhagic shock models, aggressive fluid therapy before hemorrhage control was associated with more severe blood loss, poorer oxygen delivery, and a higher mortality rate compared to more controlled, limited fluid therapy.3,4 In a porcine model of uncontrolled hemorrhage, researchers studied the effects of three resuscitation regimens designed to mimic triage in the field before admission to a trauma center. One group received aggressive fluid resuscitation using crystalloids to restore CO to original levels, the second group received limited fluid therapy to restore CO to 60% of baseline, and the third group received no prehospital fluid therapy. Compared to aggressive fluid therapy, the limited resuscitation group lost less blood overall and had increased oxygen delivery (although survival was similar in all groups). In a prospective randomized clinical trial, subjects presented to a major trauma center with penetrating torso injuries and hypotension were assigned to either an immediate resuscitation or a delayed resuscitation group. Patients in the immediate resuscitation group received standard care including placement of bilateral IV catheters and rapid
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 infusion of crystalloids during transport and triage at the emergency room. The latter group did not receive resuscitative fluid therapy until emergency surgery was begun. A total of 598 adults were included in the study; survival was 70% in the delayed resuscitation group compared to 62% (p = 0.04) in the immediate resuscitation group. In addition, patients in the immediate resuscitation group had more in-hospital complications (30%) including acute respiratory distress syndrome, sepsis, acute renal failure, coagulopathy, wound infection, and pneumonia compared to the delayed resuscitation group (23%). Although later studies have contradicted these results, the study does call into question the use of rapid, large-volume crystalloid fluid therapy for all hypovolemic shock cases.5,6 Clearly there are pros and cons to immediate, large-volume fluid resuscitation in the treatment of hypovolemic shock. Perfusion deficits need to be addressed, but the goal of therapy may need to be considered in light of the potential negative effects of infusing a large volume of fluids. The original idea of supranormal resuscitation (i.e., a shock dose of fluids) was based on the theory that tissue injury results in additional losses and sequestration of fluid into a third space, as well as the recognition that the majority of isotonic fluid infused into the vascular space will shift to the extravascular compartments. However, this additional third space loss has not been proved, and there may be negative consequences to supranormal resuscitation protocols. Large-volume fluid therapy has also been associated with cardiac and pulmonary complications7,8 in both healthy human patients undergoing elective surgery and patients with risk factors for cardiopulmonary disease. Large-volume fluid therapy in patients with underlying SIRS or patients that have a low colloid oncotic pressure can result in significant edema, which can negatively affect gut motility and gut barrier function9 and affect the function of other organ systems. Despite this discrepancy in the literature, the reality is that shock is a manifestation of perfusion deficits, and the goal of therapy should be to restore perfusion and improve oxygen delivery. Prompt fluid therapy is indicated in the emergency situation to increase vascular volume, restore CO and blood pressure, and ultimately perfusion to the tissues. The amount and type of fluids should be determined by the individual needs of each patient. Careful, frequent monitoring to assess responses and prevent overload is recommended.
 
 Types of Fluids ISOTONIC CRYSTALLOIDS Commercially available isotonic crystalloids for large animal medicine are designed to be replacement fluids, not maintenance fluids, meaning that the electrolyte composition is designed to closely approximate the electrolyte composition of the extracellular fluid and not the daily replacement needs. The isotonic crystalloids available to horses include lactated Ringer solution, Plasma-Lyte, and Normosol-R and are principally composed of sodium and chloride with varying amounts of calcium, potassium, and magnesium. Physiologic saline solution (0.9%) differs in that it contains only sodium and chloride and no other electrolytes. These solutions are very useful in restoring fluid deficits in simple dehydration. Because the electrolytes are freely diffusible, approximately 80% of these fluids will diffuse into the interstitial and intracellular space from the extravascular space. This means that approximately 2  L of a 10  L fluid
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 bolus will remain in the vascular space. Consequently, a larger volume is needed to restore and maintain effective circulating volume. The recommended method of administering isotonic crystalloids for hypovolemic shock is to calculate the fluid deficit and initially infuse fluids in doses of 10 to 20 mL/kg. Because the assessment of deficits is inexact, it is important to monitor the response during infusion and not to simply infuse the calculated amount. In cases of blood loss, infusion of crystalloids alone will cause dilutional anemia and hypoproteinemia. Depending on the severity of blood loss and amount of crystalloids infused, dilutional coagulopathy resulting from thrombocytopenia and dilution of clotting factors can occur, leading to further bleeding and deterioration. These patients may require subsequent plasma or whole blood transfusions to improve coagulation, oncotic pressure, and oxygen content of blood. Patients with endotoxemia or SIRS often have underlying coagulopathies as part of their disease process, leaving them at particular risk for further problems with aggressive crystalloid therapy.10-12 HYPERTONIC CRYSTALLOIDS Hypertonic saline solution (HSS) is available in several concentrations, with 7.2% and 7.5% being the most commonly used formulations. The osmolarity of this concentration range is approximately 8 times the tonicity of plasma. An intravenous infusion of hypertonic saline will expand the intravascular space 2 to 4 times the amount infused, pulling fluid from the intracellular and interstitial spaces. This expansion is short-lived and, similar to the effects of isotonic crystalloids, the majority of fluid will ultimately diffuse into the interstitium. Hypertonic saline was initially developed for use in the battlefield because it allowed medics to carry small volumes of fluids and still provide resuscitative triage. The rapid and significant expansion of the intravascular volume using small-volume resuscitation allowed field stabilization of the patients before transport to a hospital unit. Because of the variation in reflection coefficients for sodium, HSS principally pulls volume from the intracellular space, not the interstitial space. This is particularly beneficial in the shock state, where endothelial volume rises with loss of membrane pump function. The decrease in endothelial cell volume increases capillary diameter and improves perfusion. In addition, HSS appears to blunt neutrophil activation and may alter the balance between inflammatory and anti-inflammatory cytokine responses to hemorrhage and ischemia.13 The recommended dose of HSS is 2 to 4 mL/kg or 1 to 2 L for a 500-kg horse. Hypertonic saline is invaluable in equine surgical emergencies when rapid increases in blood volume and perfusion are needed to stabilize a patient before general anesthesia. The use of these fluids enables the clinician to quickly improve CO and perfusion to allow immediate surgical intervention. Additional blood volume expansion will be needed and can be provided during and after surgery to further restore homeostasis. COLLOIDS Colloids are solutions containing large molecules that, because of their size and charge, are principally retained within the vascular space. Because colloid concentrations are higher in the intravascular space, they exert an oncotic pressure that opposes the hydrostatic pressure and helps retain water in or draw it into the intravascular space. Normal equine plasma has a colloid oncotic pressure (COP) of about 20 mm Hg. Colloids with a high COP can actually draw additional fluid into the
 
 intravascular space. Consequently, infusion of certain synthetic colloids such as hetastarch (HES) (COP ~30 mm Hg) will increase intravascular volume by an amount that is greater than the infused volume. Although this effect is similar to HSS, the benefits of colloids are prolonged. Colloid therapy is recommended in patients that are hypo-oncotic, patients with capillary leak syndrome, patients with cardiac disease where fluid overload may be detrimental, and patients with fluid excess (edema) in which fluid therapy needs to be carefully titrated to prevent further overload. Both synthetic and natural colloids are available. Natural colloids include plasma, whole blood, and bovine albumin. The advantage of natural colloids is that they provide protein, such as albumin; antibodies; critical clotting factors; and other plasma constituents. Because fresh frozen plasma must be thawed before infusion, it is often not useful in an emergency situation where immediate fluid therapy may be indicated. In addition, hypersensitivity reactions occur in up to 10% of horses receiving plasma.14 The most common synthetic colloids are HES and dextrans, with HES being the most commonly used product in equine practice. HES contains amylopectin molecules of sizes ranging from 30 to 2300 kDa (average 480 kDa) and exerts a COP of 30 mm Hg. The elimination of HES occurs via two major mechanisms: renal excretion and extravasation. Larger molecules are degraded over time by α-amylase. The presence of molecular substitutes on the amylopectin chains slows this process of degradation to smaller colloid particles, and consequently the effect of HES is prolonged. A dose of 10 mL/kg will significantly increase oncotic pressure for longer than 120 hours.15 Though evidence of spontaneous bleeding in healthy horses has not been documented, an increase in the cutaneous bleeding time was seen with larger doses (20 mL/kg) and has been associated with a decrease in von Willebrand factor antigen (vWf:Ag). Consequently, the use of large volumes of HES should be considered in light of bleeding tendencies of patients.15 Measurement of COP must be used to assess the response to HES, because its infusion is not reflected in the total solids or total protein measurements, making these inaccurate estimates of the COP after HES infusion. HES infusions will actually decrease total protein because of the dilutional effect of the volume expansion. HYPERTONIC SALINE SOLUTION AND DEXTRAN The combination of hypertonic crystalloids and synthetic colloids offers the advantage of both rapid and persistent volume support and also provides some of the anti-inflammatory benefits of hypertonic saline. HSS with dextran (HSS-D) has been shown to expand the plasma volume,16,17 restore hemodynamics,18,19 and improve microcirculatory perfusion20,21 in animal models of hemorrhagic shock. In addition, HSS-D has been shown to decrease neutrophil adhesion and blunt the hemorrhage-induced inflammatory response. The majority of human clinical trials have yet to show that it has a benefit over other fluid therapies. WHOLE BLOOD Whole blood is the ideal replacement fluid in shock due to blood loss. The use of blood or plasma provides clotting factors and prevents dilutional coagulopathy. By providing red blood cells (RBCs) and protein it helps retain fluid within the intravascular space and improves oxygen content of the blood. However, there are several disadvantages to whole blood. It is unusual for
 
 most equine referral hospitals to store whole blood; consequently, it must be collected each time it is needed. In addition, because of its viscosity, it is difficult to rapidly infuse large volumes in an emergency situation. However, despite these drawbacks, the use of blood or blood components can be a valuable adjunct in preventing some of the potential side effects of large-volume resuscitation, namely dilutional coagulopathy, dilutional hypoproteinemia, and anemia. Ironically, data in human medicine suggests that blood products should be replaced in a ratio of plasma, RBCs, and platelets that approximates whole blood.22 Because the most commonly available blood product in equine clinics is whole blood, the determination of an ideal ratio is a moot point! The use of whole blood is generally unnecessary in the patient with mild to moderate hypovolemia because restoration of perfusion often results in adequate oxygen delivery despite dilutional anemia. In more severe cases of hypovolemia or in cases with ongoing bleeding, whole blood may be indicated to provide oxygen-carrying capacity, colloid oncotic support, platelets, and coagulation factors. CURRENT RECOMMENDATIONS The debate regarding the use of crystalloids versus colloids is extensive. Despite this intense focus, clear benefits of colloids or hypertonic solutions over isotonic crystalloids have not yet been demonstrated. Rather than always using one or the other, the choice should depend on the situation. In a case of severe blood loss, hypovolemia, and impending circulatory collapse, the rapid expansion of blood volume using hypertonic and isotonic crystalloids may be imperative. The addition of colloids, whether synthetic or natural, and whole blood should depend on the severity of shock and the underlying disease process as well as the response to initial treatment. When presented with an adult horse in hypovolemic shock it is critical to use a large 10- or 12-gauge catheter and large bore extension set to maximize flow rate in the initial resuscitation phase. Because crystalloids have the lowest viscosity, they can be infused more rapidly than colloids or blood. If necessary, a fluid pump can be used to increase the rate of infusion. The general recommendation is to calculate a shock dose of fluids using the following formula: percent blood volume (L/kg body weight × 100) × body weight. In an adult horse the percent blood volume is estimated to be 7% to 9% of the total body weight or 35 to 45 L for a 500-kg horse. Given the pros and cons of large-volume resuscitation fluid, goals should be estimates and not absolutes. Frequent reassessment of the patient’s cardiovascular status and blood gases is important for adequate resuscitation without causing secondary problems. Signs of improved intravascular volume include a decreased heart rate and improved capillary refill time, skin temperature, and mentation. If possible, the measurement of urine output is extremely useful in assessing perfusion, although urine specific gravity is less accurate because it will be affected by the infusion of large quantities of crystalloids and will no longer accurately reflect hydration status. In humans, the assessment of blood pressure can be useful in monitoring trends (i.e., an improvement of pressure toward normal). In situations where bleeding is uncontrolled, normalization of blood pressure should not be the goal because this may promote continued bleeding. VASOPRESSORS Vasopressors are rarely used in the standing adult horse in hypovolemic shock. Restoration of volume is the primary
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 treatment goal. However, if the administration of appropriate fluid volumes and types is insufficient to stabilize the patient, vasopressors may be indicated, particularly as shock progresses and vasomotor tone and cardiac ischemia cause a further fall in perfusion. The most commonly used drug in the awake, adult horse is dobutamine. Dobutamine is a strong β1-adrenoreceptor agonist with relatively weaker β2- and α-adrenoreceptor affinity. Its primary use is to improve oxygen delivery to the tissues via its positive inotrophic action. Dobutamine has been shown to have benefit in improving splanchnic perfusion in multiple species, although clinical data are currently lacking in the horse. Recommended dosages are 1 to 5 µg/kg/min. Higher doses have been reported to cause hypertension in the adult horse.23 Norepinephrine has been reported to be useful in neonatal foals to restore adequate organ perfusion in vasodilatory shock. Norepinephrine has strong β1- and α-adrenergic affinity, resulting in vasoconstriction and increased cardiac contractility. Norepinephrine has been successfully used in combination with dobutamine in persistently hypotensive foals with improved arterial pressure and urine output reported.23 The use of norepinephrine in the awake adult horse has not yet been evaluated. At this time, there is little published information on the use of vasopressors to treat hypovolemic shock in the awake adult horse. Consequently, it is difficult to make recommendations for their use at this time. Close monitoring of urine output and blood pressure is recommended when using vasopressor therapy. Readers are directed to Chapter 2 for additional treatment recommendations for septic shock.
 
 Monitoring The body’s compensatory responses are designed to restore many of the parameters used to assess hypovolemia or perfusion deficits. Consequently, in the early stages of shock, there is no perfect measure to assess progression. Despite this, there are several physical and laboratory parameters that can be useful in monitoring the patient’s progression and response to treatment. Repetitive physical exams focusing on assessment of CO and perfusion may be the most sensitive method to assess a patient, especially during early compensated shock when subtle changes may indicate impending decompensation. Heart rate, CRT, jugular venous fill, extremity temperature, pulse pressure, and mentation are all useful when repeatedly evaluated. Steady improvement and stabilization of these parameters in response to treatment would suggest a positive response. Continued tachycardia and poor pulse pressure, CRT, jugular fill, and deteriorating mentation despite treatment suggest that additional blood loss or decompensation is occurring.
 
 Capillary Refill Time Capillary refill time (CRT) is usually prolonged in hypovolemic shock. However, CRT can also be affected by changes in vascular permeability such as seen with endotoxemia or sepsis. In these situations, CRT may actually decrease because of vascular congestion and pooling of blood in the periphery. Though CRT at any one time point can be misleading, if assessed over time, it is useful in evaluating the progression of shock. Jugular fill is a relatively crude assessment of venous return or central venous pressure.
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 Central Venous Pressure Central venous pressure (CVP) assesses cardiac function, blood volume, and vascular resistance or tone. Holding off the jugular vein should result in visible filling within 5 seconds in a normally hydrated horse that is standing with an elevated head. If filling is delayed, venous return or CVP is decreased. A more accurate estimate of CVP can be obtained with a water manometer, attached to a large-bore jugular catheter and placed at the level of the heart base or point of the shoulder. Normal CVP in standing horses ranges from 7 to 12 mm Hg, with pressure measured by inserting a catheter into the right atrium.24-26 Measurement of pressure in the jugular vein using a standard IV catheter will result in falsely elevated CVP; however, this measurement can still be a useful estimation. During an experimental blood loss model, CVP fell to zero or below with a loss of 15% to 26% of circulating volume. Because CVP is a measure of venous return it can be used to assess the adequacy of fluid resuscitation and prevent fluid overload, especially in patients at risk for edema. If clinical signs are deteriorating despite a normal CVP, hypovolemia alone is not the cause. Low CVP can occur with hypovolemia or a fall in effective circulating volume, as occurs with distributive shock. Cardiogenic shock (or fluid overload) can result in an elevated CVP, because forward failure of the cardiac pump results in backup of blood within the venous side of the system. In this case, jugular veins may appear distended even with the head held high. Cardiogenic shock is a relatively uncommon cause of shock in adult horses.
 
 Urine Output Urine output is a sensitive indicator of hypovolemia with normal urine production being approximately 1 mL/kg/hr or more, depending on how much water an individual is drinking. Urine production of less than 0.5 mL/kg/hr suggests significant volume depletion, and fluid therapy is indicated to prevent renal ischemia. Urine output is rarely measured in adult horses, though it is relatively simple to perform and commonly done in neonatal medicine. Urine production can be useful for monitoring resuscitative strategies and determining endpoints in such therapies. Urine production coupled with improvement in physical exam parameters suggests a positive response to treatment. Though urine specific gravity can be used to assess renal concentrating efforts and consequently the water balance of the animal, it will be affected by intravenous fluid therapy and is not an accurate reflection of dehydration or volume status once bolus intravenous fluids have been begun.
 
 Arterial Blood Pressure Arterial blood pressure is a reflection of CO and total vascular resistance. Consequently, the measurement of a normal blood pressure does not directly correlate with adequate perfusion. Because of the compensatory increase in peripheral resistance, blood pressure does not consistently fall below normal until blood volume is profoundly decreased (30% or more). Though a normal blood pressure does not rule out hypovolemic shock, a low blood pressure is often an indicator of significant blood loss. Treatment goals should be to maintain mean arterial pressure above 65  mm Hg to ensure adequate perfusion of the brain. Blood pressure can be measured directly via arterial catheterization of the transverse facial artery in the adult horse or the transverse facial, metatarsal,
 
 radial, and auricular arteries in a neonate. Indirect measurement of the blood pressure can be achieved using the coccygeal artery in adult horses and the metatarsal artery in foals.27 In healthy individuals there is good agreement between both direct and indirect measurements.27-29 Direct, invasive blood pressure monitoring is more accurate during states of low flow and significant vasoconstriction.28,29 Normal systolic blood pressure using indirect measurement at the coccygeal artery is 80 to 144  mm Hg. Because blood pressure will increase with increased vascular resistance, it is not an accurate reflection of oxygen delivery.
 
 Lactate Lactate is the end product of the anaerobic metabolism of glucose. Aerobic metabolism of glucose results in the production of 36 moles of adenosine triphosphate (ATP) per molecule of glucose. In the absence of adequate oxygen to meet energy demands, anaerobic metabolism of glucose to lactate results in production of only 2 moles of ATP. The shift to anaerobic metabolism of glucose with inadequate oxygen delivery to tissue increases blood lactate concentrations. Less commonly, hyperlactatemia can result from hepatic dysfunction (impaired clearance), pyruvate dehydrogenase inhibition, catecholamine surges, and sepsis or SIRS, although the increase in lactate level is generally less than what is seen with hypovolemia. Because lactate level generally correlates with oxygen delivery and uptake by the tissues, it is a useful marker for determining perfusion deficits and response to treatment. Delayed lactate clearance has been shown to be associated with a poorer prognosis in many human and veterinary studies.30-34 A decrease in lactate following therapy indicates improved oxygen delivery and use, suggesting improved perfusion. Conversely, an increased or persistently elevated lactate level indicates continued tissue oxygen deficits. The anion gap will mimic lactate changes and has been used to assess oxygen debt; however, it can be affected by changes in other anions, such as plasma proteins, and is therefore not as accurate as blood lactate concentration.
 
 Oxygen Extraction The normal response to a decrease in perfusion or CO is to increase the oxygen extraction ratio (O2ER) of the blood as it moves through the capillaries. By increasing the oxygen extraction, the body is able to maintain oxygen delivery to the tissue despite a fall in blood flow. Oxygen extraction is determined by the difference between the oxygen saturation of arterial blood (SaO2) and oxygen saturation of venous blood (SvO2): O2ER = SaO2 − SvO2 and can be determined by measuring central venous saturation and arterial oxygen saturation. Alternatively, it can be estimated by measuring jugular venous saturation and by using a pulse oximeter to assess arterial oxygen saturation. In the normovolemic, healthy individual, oxygen delivery (DO2) far exceeds oxygen need or uptake (VO2), and the O2ER ranges from 20% to 30%. The O2ER can increase with decreased perfusion to a maximum of 50% to 60%, at which point oxygen delivery becomes supply or flow dependent and a further drop in perfusion will result in a decrease in oxygen delivery. Because of this relationship, the O2ER can be used to estimate the severity of
 
 global perfusion deficits and is also a useful measurement in evaluating the response to resuscitative strategies.
 
 Mixed Venous Partial Pressure of Oxygen Mixed venous partial pressure of oxygen (PvO2) is a useful measure to assess oxygen delivery for the same reasons that O2ER is. In low-perfusion states, more oxygen is extracted per volume of blood and, consequently, PvO2 will fall. Mixed venous blood is ideally measured by catheterizing the pulmonary artery, because a sample from the jugular vein or cranial vena cava only assesses venous blood returning from the head. Jugular venous PvO2 is usually greater than mixed venous blood in the shock state, but it still has utility in estimating global tissue hypoxia.35,37 Normal jugular vein PvO2 ranges from 40 to 50 mm Hg and SvO2 from 65% to 75%.35,36 Increased PvO2 in the presence of significant perfusion or supply deficits (DO2) can signify impaired oxygen consumption caused by mitochondrial or cellular dysfunction, termed dysoxia. This syndrome has been recognized in septic shock or after cardiopulmonary resuscitation.
 
 Cardiac Output Cardiac output monitoring evaluates both volume return to the heart and cardiac function.38 With prolonged or specific types of shock (septic), cardiac function may deteriorate and increasing fluid resuscitation will not resolve clinical signs of end organ perfusion deficits. The gold standard for CO monitoring is the pulmonary thermodilution method, which requires catheterization of the pulmonary artery. This technique is rarely performed in the equine clinical setting. An alternative technique, lithium dilution, is relatively easy to use once experienced and has been validated in the equine clinical setting. Injection of lithium dye into the venous system results in generation of a lithium concentration–time curve, which is used to calculate CO. Lithium dilution has been used successfully to monitor CO in adult horses and critically ill foals,39-42 although repetitive sampling can result in toxic accumulation of lithium.43 Alternatively, ultrasound measurement of CO has been validated using both transesophageal and transthoracic Doppler measurements.40,44 Because Doppler measurement requires the beam to be parallel with flow there is large variability in the accuracy of this technique. Transesophageal measurements improve this accuracy but can be difficult to obtain in the standing horse.40,45 A recent paper described an ultrasound velocity dilution method in foals.46 This technique uses a bolus injection of saline and an arteriovenous loop connected to ultrasound velocity sensors. CO measurement has its greatest benefit in cases with cardiac disease and is of great help in monitoring the response to vasopressor treatment. Because CO does not assess local tissue perfusion, its accuracy in evaluating tissue oxygenation is poor. Many of the standard monitoring techniques are limited because they principally assess global function (CO) and global oxygen debt (mixed venous lactate), not regional tissue deficiencies. These global measures, while helpful, do not assess the perfusion to high-risk organs such as the gastrointestinal tract, and they may provide a false sense of security when used to monitor treatment response. With the exception of urine output, none of the measurements just described evaluate perfusion to regional vascular beds. Because of the large variation
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 in perfusion to specific tissues, such as the gastrointestinal tract and the brain, these global measures have poor sensitivity in determining oxygen delivery and uptake to “less important tissues.”
 
 Regional Perfusion Several techniques have been developed in an effort to more specifically assess these differences in regional perfusion. Noninvasive measures of regional tissue perfusion include sublingual capnometry, near-infrared spectroscopy to monitor muscle tissue oxygen saturation, transcutaneous tissue oxygenation, and capnometry.47-49 Slightly more invasive techniques include gastric tonometry, which evaluates CO2 production in the stomach wall; infrared spectroscopic assessment of splanchnic perfusion; and measurement of bladder mucosal pH.50,51 These alternative techniques are based on the idea that the body preferentially shunts blood away from the skin and gastrointestinal tract to spare more vital organs. As such, these techniques will detect abnormalities in perfusion before many of the more established techniques. Although these techniques have yet to be evaluated in the veterinary field, they have been shown to be sensitive markers of regional perfusion deficits manifest in early shock in humans.
 
 Hypotensive Resuscitation and Delayed Resuscitation As previously discussed, aggressive large-volume fluid therapy to restore blood pressure to normal values has potentially negative consequences. In situations of uncontrolled bleeding, this treatment will result in increased blood loss. Dilution of blood components (platelets and clotting factors) may additionally worsen bleeding. Increasing systolic blood pressure to normal values may dislodge or “blow out” a tenuous clot, leading to further bleeding. Hypotensive resuscitation has been advocated to prevent or minimize further blood loss until surgical control or formation of a stable clot has occurred. In these situations resuscitation to a lesser end point is recommended. The ideal end point or goal in hypotensive resuscitation is unclear. Strategies include achieving a mean blood pressure (MBP) of 40 to 60  mm Hg, using a predetermined, lower fluid infusion rate, or in some situations, completely delaying resuscitation until bleeding is surgically controlled.22 In multiple animal models, controlled resuscitation (goal of MBP 40 to 60  mm Hg, or systolic blood pressure of 80 to 90  mm Hg) resulted in decreased blood loss; better splanchnic perfusion and tissue oxygenation; less acidemia, hemodilution, thrombocytopenia, and coagulopathy; decreased apoptotic cell death and tissue injury; and increased survival.3,52-59 In cases of severe or ongoing bleeding, resuscitation with blood components is recommended to minimize the risk of coagulopathy, although data with respect to outcome compared to resuscitation with crystalloids is currently lacking. This strategy of hypotensive resuscitation (with whole blood as part of the fluid plan) is indicated in situations such as a bleeding of the uterine artery in a pregnant mare, where ligation of the vessel is unlikely and of great risk to the mare and fetus. There are currently no specific recommendations for end points of treatment in large animal species. If using blood pressure as the end point, direct measurement is currently recommended to ensure accuracy.
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 PREDICTING OUTCOME In a critical review, high-risk surgical patients were used as a model for shock because time relationships were precisely documented.60 In this study, nonsurvivors had reduced CO and DO2 in the intraoperative and immediate postoperative period. Survivors had lower O2ER; higher hematocrits, VO2, and blood volume; and normal blood gases. In human trials, time is a strong predictor of survival, with survivors showing improvement or normalization in indices of CO, perfusion, oxygen uptake, and clinical parameters.61 To this end, rapid control of hemorrhage, restoration of perfusion, normalization of blood gas values, and prevention of dilutional coagulopathy are predictors of survival. In patients with ongoing blood loss, controlled hypotension has been shown to decrease in-hospital complications and possibly increase survival rates. Lactate values, particularly lactate clearance, have been shown to be strongly associated with survival in both clinical and experimental studies of shock.30-33 Though the data are not as robust, single lactate measurements and delayed lactate clearance have been shown to be associated with higher mortality rates in both adult horses and foals.62-64 A poor or absent response to resuscitative attempts with continued evidence of perfusion deficits or the development of clinical evidence of organ dysfunction, or both, are associated with a poorer outcome.
 
 ON THE HORIZON Treatment Although a perfect fluid protocol for treatment of hypovolemic shock remains elusive, liposome encapsulated hemoglobin may offer more benefits than other fluids because of its oxygencarrying capacity. The presence of hemoglobin reduces the need for blood products, thereby lowering the associated risks to the patient.65,66 In contrast to other synthetic oxygen carriers, liposome encapsulated hemoglobin vesicles do not appear to cause peripheral vasoconstriction and in a rat model of hemorrhage appear to be as effective in restoring hemodynamic and blood gas parameters.67
 
 Monitoring The ideal method to assess shock and treatment response would enable measurement of oxygen delivery at the tissue level as well as oxygen uptake and use. The ability to measure end organ perfusion, particularly in “less important” organs like the epidermis and gastrointestinal tract, in our veterinary patients has potential implications in assessing the severity of the shock state, developing treatment goals, and predicting outcomes. The implementation and evaluation of these techniques in equine critical care medicine is warranted.
 
 Prognostic Indicators Recent epidemiologic and experimental data have shown a sexspecific difference in the response to trauma and shock. Estrogen administration to castrated male mice improved immune responses after trauma and hemorrhage compared to castrated untreated mice.68 Treatment of intact male mice with estradiol improved the survival rate and immune response to trauma, hemorrhage, and sepsis.69-70 In a prospective study that evaluated more than 4000 trauma patients, hormonally active
 
 women tolerated trauma and shock better than men.71 Dehydroepiandrosterone (DHEA) has estrogenic effects and has been shown to decrease morbidity in mice after trauma or hemorrhage. Because DHEA is used clinically to enhance the immune response, it may have use in the trauma or hemorrhage patient. Conversely, it may be the lower levels of male hormones in women that confer protection. Male mice depleted of testosterone either through castration or by treatment with the drug flutamide had improved cardiovascular and immune function compared to intact mice after hemorrhage and resuscitation. In the future, the use of hormone therapy may help improve outcome in hemorrhagic shock. In addition to gender, genetic markers have been found to segregate with response to hemorrhage and trauma.72,73 Currently, genomic markers are being evaluated as prognostic factors; however, there may come a time when genetic markers are used to direct therapy.74
 
 Physiologic Response to Trauma The metabolic response to trauma or injury has classically been divided into two phases—the ebb phase, which occurs during the first several hours after injury, and the flow phase, which occurs in the ensuing days to weeks. The ebb phase is characterized by hypovolemia and low flow or perfusion to the injured site. Once perfusion is restored, the flow phase begins. The flow phase is divided into a catabolic period and an anabolic period. The catabolic period is triggered by many of the same mediators discussed in the earlier section on the pathophysiology of shock, and many of the clinical signs will mimic those seen in shock. The anabolic period is characterized by the return to homeostasis. Cortisol levels fall during this final period and normalization of physiology occurs. The physiologic response to trauma is complex, and the duration and progression will vary depending on the injury site, severity, and underlying condition of the patient. For more specific information regarding trauma of specific organs or body cavities, the reader is referred to chapters dealing with those specific systems. This section is designed to provide an overview of the complex pathophysiology of trauma.
 
 Mediators of the Stress Response: Ebb Phase The stress response to trauma is initiated by pain, tissue injury, hypovolemia, acidosis, shock, hypothermia, and psychological responses. Direct tissue injury, ischemia, and inflammation activate afferent nerve endings, which exert local and systemic effects via the central nervous system. Hypovolemia, acidosis, and shock exert their effects via baroreceptors and chemoreceptors located in the heart and great vessels. Fear and pain have conscious effects in the cortex, and they stimulate cortisol secretion via the hypothalamic-pituitary-adrenal axis (HPA), which increases sympathetic output. Because of this effect, modulation of pain has been shown to be important in controlling the stress response to trauma, and pain control should be strongly considered in the trauma patient. The sympathoadrenal axis is stimulated through direct input from injured nerves and by hypovolemia, acidosis, shock, and psychological responses (fear, pain, anxiety). Catecholamines have widespread effects on cardiovascular function (see “Pathophysiology of Shock,” earlier in this chapter) and metabolism (see “Metabolic Response to Injury” in Chapter 6), and they
 
 stimulate release of other mediators, including cortisol and opioids. The catecholamine response is beneficial; however, prolonged sympathoadrenal stimulation can be detrimental because of its effects on general body condition. Catecholamines increase peripheral vascular resistance, so ongoing stimulation leads to long periods of tissue ischemia. Other triggers of cortisol secretion in trauma and shock include vasopressin, angiotensin II, norepinephrine, and endotoxin. The degree of hypercortisolemia correlates with the severity of injury and persists until the anabolic phase of healing begins. Cortisol secretion results in sodium and water retention (edema), insulin resistance, gluconeogenesis, lipolysis, and protein catabolism. Cortisol also affects leukocytes and inflammatory mediator production and, although cortisol is critical for recovery from acute injury, prolonged cortisol secretion can result in pathologic suppression of the immune response. Vasopressin and the renin-angiotensin system are important mediators of the stress response. The reader is referred to the section on pathophysiology of shock for a review of these mediators. Endogenous opioids released from the pituitary gland as well as from the adrenal glands in response to sympathetic stimulation are important mediators in the modulation of pain, catecholamine release, and insulin secretion. Endogenous opioids modulate lymphocyte and neutrophil function and may act to counter cortisol’s effect on immune function. Local mediators released in response to injury trigger a multitude of cascades. Tissue factor exposure activates the coagulation and complement cascades and ultimately stimulates the inflammatory response. Cell membrane injury results in release and activation of the arachidonic acid cascade and production of various cytokines, including prostaglandins, prostacyclines, thromboxanes, and leukotrienes. These mediators have a multitude of functions, including further activating coagulation and platelets, altering blood flow via vasoconstriction and vasodilation, and increasing chemotactic activity mediating the influx and activation of inflammatory cells, with subsequent release of lysosomal enzymes and reactive oxygen species. Microvascular thrombosis at the site of endothelial damage causes further pathologic changes in perfusion. If perfusion is restored, further damage may ensue because elevated local concentrations of reactive oxygen species coupled with influx of desperately needed oxygen can induce further oxidative stress with production of highly toxic reactive oxygen species and further tissue injury. Amplification of this response coupled with reperfusion can lead to the development of SIRS and multiorgan dysfunction (see Chapter 2).
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 particularly in patients with head trauma. Infectious causes of fever should be suspected if fever persists or is recurrent days after the injury. Other clinical signs will depend on the severity of blood loss and the organ injured. Cardiovascular changes including hypotension, decreased perfusion, decreased urine output, and reduced cardiac contractility are likely to occur with significant blood loss or thoracic contusion. Endotoxemia and bacteremia are likely with gastrointestinal injury, such as strangulating injury to the intestine. Edema at the site of injury is caused by vascular injury from both the trauma and the inflammatory response, which results in loss of capillary integrity and extravasation of protein and fluid. In severe injury, edema may become generalized. This generalized edema results from systemic inflammatory, hormonal, and autonomic responses that increase capillary pressure and salt and water retention. The presence of hypoproteinemia can exacerbate clinical edema as colloid oncotic pressure is decreased. The metabolic response to trauma is complex and results in changes in the metabolic rate as well as the mobilization and utilization of energy stores. Decreased appetite and malaise are also seen in response to pain, cytokines, and hormones. The reader is referred to Chapter 6 for a more detailed description of the metabolic changes occurring with injury. Coagulation is activated by endothelial injury and the expression of tissue factor. Tissue factor also activates complement and inflammation. These changes combined with release of arachidonic acid from damaged cell membranes stimulate production of multiple inflammatory mediators, platelet activation and adhesion, and fibrinolysis. Blood loss coupled with crystalloid replacement can further dilute platelets and coagulation factors, which, in combination with factor consumption to control bleeding at the site of injury, can result in development of a hypocoagulable state. Coagulation dysfunction is recognized in many types of injury including large colon volvulus, severe traumatic injury, SIRS, and septic shock. Circulating leukocytes increase in the initial response to injury with subsequent accumulation in injured microvascular beds. This accumulation may be exacerbated by vasoconstriction in response to hypovolemia and catecholamine surges and may play a role in reperfusion injury, because activated neutrophils are a major source of reactive oxygen metabolites. In addition to changes in circulating leukocytes, the immune response can be altered significantly with severe trauma. Decreases in antibody production, neutrophil chemotaxis, and serum opsonic activity; increases in serum immunosuppressive factors; and activation of T-cell suppressors mediated by neurohormonal stress response are just some of the changes that may occur.
 
 Response to Trauma: Catabolic Period Psychological response to trauma and shock is manifest in changes in behavior, withdrawal, immobilization or reluctance to move, fear, anxiety, aggression, and malaise. These psychological responses can persist for long periods depending on the severity of the injury and pain. In people, the psychological effect may persist long after the injury has resolved. Whether the same happens in horses has yet to be determined. Many of the changes in vital signs will mimic those seen with hypovolemic shock. Cardiovascular changes including tachycardia, tachypnea, and other clinical signs of the hyperdynamic response may be seen. Fever during the early period after injury is typically a response to injury and inflammation itself,
 
 Response to Trauma: Anabolic Period The final stage in recovery is the anabolic phase of flow. During this period many of the responses return to normal. Appetite returns, body protein is synthesized, and weight is restored, resulting in improved organ function and energy stores. Metabolic demands diminish, water balance is restored, and as hormonal levels decrease, a generalized feeling of well-being develops. The length of this period will depend on the severity of the injury, the number and type of complications, the patient’s condition before injury, and the length of the catabolic period of recovery. Healthy individuals that do not develop complications will likely recover more rapidly than debilitated
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 patients that suffer complications, such as infection, and have a prolonged catabolic phase of recovery.
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 The systemic inflammatory response and failure of multiple organ systems are syndromes that result from an inappropriate and generalized inflammatory response to stimuli, which may or may not result from an infectious process. Although it appears that the phagocytic activation of the monocyte/ macrophage cell lineage is directly responsible for the development of clinical signs and symptoms, identifying the bacteria and neutralizing their toxins has not drastically changed the outcomes of patients affected by these syndromes. As a result, current management strategies and research efforts have been directed at addressing infectious and noninfectious causes and identifying effective ways of modulating the associated immunemediated responses. The pathophysiology of these inflammatorybased syndromes has not been clarified in people or lab animal models, and very little original work has been produced in the horse. A generally accepted summary of these conditions is that bacteria or their endotoxins, or both, induce and sustain a marked inflammatory response by the host, which eventually overwhelms sensitive organs and often results in a fatal outcome. This chapter reviews the pathophysiology of systemic inflammatory response and multiple organ failure with the viewpoint that inflammation, not bacterial overgrowth, may directly generate these syndromes in the horse.
 
 2
 
  
 
 SYSTEMIC INFLAMMATORY RESPONSE SYNDROME With microbial invasion or any process that results in tissue damage, the ultimate goal of the immune system is to contain infection, alarm the host to defend, and to promote tissue repair. Whether these goals are achieved or defeated, the host relies on a defense and repair response that is appropriate for the insult. If the host overzealously responds, the same innate components that are meant for protection and repair may ironically turn out to be just as detrimental or even more harmful to the host than the initial insult. When the response to infection and injury results in an incongruous and exaggerated systemic inflammatory reaction, the clinical state is referred to as the systemic inflammatory response syndrome, or SIRS,1 which can be initiated by infection, endotoxemia, or noninfectious insults, such as severe trauma, ischemia, immune-mediated disease, surgery, hypothermia, hyperthermia, or intense hypoxemia (i.e., hemorrhagic shock). To counteract the proinflammatory response and deter the state of SIRS, the host relies on antiinflammatory opposition that includes production of cytokines, soluble cytokine receptors, receptor antagonists, prostaglandin E2, and corticosteroids.2 If there is over-recruitment of the anti-inflammatory processes, a state of anergy, increased
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 susceptibility to infection, and inability to repair damaged tissues ensues. This scenario is referred to as compensatory antiinflammatory response syndrome, or CARS.1 In some circumstances, a mixed anti-inflammatory response syndrome, or MARS, arises in which surges of both SIRS and CARS coexist.1 In the circle of equilibrium, if SIRS and CARS are ultimately appropriately balanced, then homeostasis resumes. Predominance of SIRS may culminate in adverse pathophysiologic events, such as disseminated intravascular coagulopathy (DIC), shock, organ failure, and death. In this later scenario, dissonance has occurred and the patient is defined as having multiple organ dysfunction syndrome (MODS) or the presence of organ dysfunction associated with acute illness in which homeostasis cannot be restored without intervention (see “Multiple Organ Dysfunction Syndrome,” later).1
 
 Pathophysiology of SIRS The key event in the initiation and propagation of SIRS is the release of endogenous molecular substances by host cells, each with a diverse array of biological activities. The enormity of the molecular response to injury, redundancy in action and location in various tissues, the dynamic discovery of new molecules, and rediscovery of new roles for previously identified molecules complicates their discussion and classification. There are literally thousands of molecules involved in the inflammatory cascade of injury. This discussion will focus on the main molecular categories of cytokines, lipid-derived autocoids, acute phase proteins, reactive oxygen species, and vasoactive and neutrophilassociated substances, as they relate to the horse.
 
 Cytokines Cytokines are protein substances that are the “early responders” to infectious agents or tissue damage. The cytokines can be further classified by whether their biological activities are primarily proinflammatory or anti-inflammatory and by their cell of origin. Examples of pro-inflammatory cytokines include tumor necrosis factor (TNF); interleukin 1, 6, and 8 (IL-1, IL-6, IL-8); and interferon-γ (INF-γ).2,3 Monocytes and macrophages are universal sources for the pro-inflammatory cytokines, though other cell types contribute as well, including neutrophils (TNF), endothelial cells (IL-1, IL-8), fibroblasts, keratinocytes, lymphocytes (IL-1, IL-6) and natural killer cells (TNF, INF-γ). Some of the main functions of TNF, IL-1, and IL-6 are to initiate coagulation, fibrinolysis, complement activation, the acute phase response, and neutrophil chemotaxis. TNF and IL-1 also induce pyrogenic activities and augment further cytokine production. The importance of TNF and IL-1 is clearly exemplified by the fact that administration of these substances to otherwise healthy laboratory animal species mimics many of the events of septic shock. In horses, experimental infusion of endotoxin results in increased circulating levels of TNF and IL-6 (see “Endotoxemia” later). Less specific information is known about the anti-inflammatory cytokines (IL-4, IL-10, IL-11, IL-13, transforming growth factor-β [TGF-β]) in the horse, though in septic foals that did not survive, IL10 gene expression was significantly greater than in surviving ones.4 The anti-inflammatory cytokines are released from monocytes, macrophages, and T-helper cells and serve to restrain the inflammatory campaign by inhibiting macrophage activation, proinflammatory cytokine release, antigen-presenting cells, and chemotaxis.
 
 Lipid-Derived Mediators Arachidonic acid is a 20-carbon fatty acid that is a major constituent of the phospholipids of all cell membranes.2 It also serves as the parent molecule for eicosanoid synthesis, but it must first be released from the cell membrane. Endotoxin, TNF, and IL-1 all upregulate the activity of phospholipase A2, the enzyme responsible for cleavage of arachidonic acid. Once released, arachidonic acid is further metabolized by either lipoxygenase, to form the family of leukotrienes, or cyclooxygenase, to form the prostanoids: thromboxane A2 (TxA2) and the prostaglandins (PGs). The prostanoids are vasoactive substances: TxA2 and PGF2α are potent vasoconstrictors, whereas PGI2 and PGE2 are vasodilators. The prostanoids also play important roles in primary hemostasis: TxA2 promotes platelet aggregation, but PGI2 inhibits aggregation. Finally, PGE2 is a pyrogen. The prostanoids have been extensively studied in endotoxemic horses (see “Endotoxemia” later). Less specific attention has been given to the investigation of the leukotrienes in horses, although they serve as chemoattractants and increase vascular permeability.
 
 Platelet-Activating Factor Like the eicosanoids, platelet-activating factor (PAF) is released from cell membrane (mononuclear phagocytes, endothelial cells, and platelets) phospholipids by phospholipase A2. The released alkyl-lyso-glycerophosphocholine is then acetylated to form PAF. The biologic effects of PAF include vasodilation, increased vascular permeability, platelet aggregation, and recruitment and activation of phagocytes. It also is a negative inotrope. Use of a PAF receptor antagonist in horses experimentally challenged with endotoxin significantly delayed the onset of fever, tachycardia, neutropenia, and lactic acidosis.5
 
 Acute Phase Proteins An acute phase protein is any protein whose blood concentration significantly increases (or decreases) during an inflammatory response.6 Collectively, the hundreds of acute phase proteins are responsible for many of the well-recognized reactions to microbial invasion, such as fever; anorexia; depression; alterations in metabolism, hemodynamics, and coagulation; and leukocyte activation. The liver is a key site of synthesis. Cytokines, principally TNF, IL-1, and IL-6; glucocorticoids; and growth factors stimulate and modulate gene expression and the transcription of the acute phase proteins. The serum concentrations of the major acute phase proteins, serum amyloid A (SAA) and C-reactive protein (CRP) can each increase as much as 100fold during the acute phase response. Interestingly, despite their intense synthesis during the acute phase reaction, the roles of each of these major proteins are still not entirely clear. SAA may be involved in cholesterol regulation, chemotaxis, and mediation of anti-inflammatory events, such as downregulation of fever, phagocytosis, and prostanoid synthesis. CRP can activate complement, induce phagocytosis, and stimulate cytokine and tissue factor expression. In horses, SAA and CRP concentrations have been determined by several methodologies. Using the latex agglutination immunoturbidimetric assay, the expected SAA concentration in healthy neonatal foals and adult horses is less than 27 mg/L.7 SAA nonspecifically increases with either infectious or noninfectious (but inflammatory) conditions, with values greater than 100 mg/L, suggestive of an infectious process in foals. In horses with acute gastrointestinal diseases, higher
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 SAA levels are correlated with risk of death. Using radial immunodiffusion, CRP concentrations have been established in healthy foals and adult horses (5 to 14 mg/mL).8 Although CRP increased 3 to 6 times in experimentally induced inflammation in adult horses, its utility in determining an inflammatory or infectious response in naturally occurring diseases in the horse has not been established. The remaining acute phase proteins have widely diverse pathophysiologic effects. The complement system is represented by the acute phase synthesis of C3a, C4a, C5a, C4b, C3b, C5b-C9, factor B, and C1 inhibitor.9 Collectively, these compounds induce bacteriolysis, increase vascular permeability, are chemotactic for neutrophils, and enhance opsonization of both microbes and damaged host cells. Balanced activation of the coagulation and fibrinolytic systems by the acute phase response of factor VIII, fibrinogen, plasminogen, tissue plasminogen activator, plasminogen activator inhibitor, fibronectin, von Willebrand factor, and tissue factor leads to formation of intravascular and extravascular “clots” that capture and contain infectious organisms and inflammatory debris and provide a scaffold for tissue repair. Of these coagulation factors, hyperfibrinogenemia is a well-recognized clinicopathologic finding in horses with inflammation. The release of the acute phase transport and scavenger proteins, such as ceruloplasmin, haptoglobin, lipopolyscharride-binding protein, soluble cluster of differentiation antigen 14 (CD14), and lactoferrin, bind bacterial nutrient components, such as copper and iron, and neutralize or transport toxic bacterial components.
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 a body temperature greater than 38° C (100.4° F) or less than 36° C (96.8° F); (2) a heart rate greater than 90 beats per minute; (3) tachypnea, manifested by a respiratory rate greater than 20 breaths per minute, or hyperventilation, as indicated by a PaCO2 of less than 32 mm Hg; or (4) an alteration in the white blood cell count, such as a count greater than 12,000/ mL, a count less than 4000/mL, or the presence of more than 10% immature neutrophils (“bands”). There has not been a similar consensus on diagnostic criteria for SIRS in horses; however, with some adjustments that would be appropriate relative to normal findings in the horse, these criteria could be applied to the horse (Table 2-1). Since the average adult horse’s body temperature is higher than the average human’s, a rectal temperature greater than 38.6° C (101.5° F) or less than 36.6° C (98° F) would seem more appropriate for horses. The heart rate criterion is based on an approximately 25% increase over the high end of the normal average adult human heart rate. Thus for adult horses, a heart rate greater than 60 beats per minute would represent a similar rate increase. Because the upper end of the normal total white blood cell count for horses is 12,000/mL, a white cell count greater than 14,000/ mL might be a more appropriate upper cutoff for SIRS in the horse. Criteria for SIRS in foals would have to be adjusted by agerelative criteria. Since the most common trigger of SIRS in foals is sepsis, the sepsis score system developed in the 1980s for foals11 might be an equally effective SIRS score (Table 2-2). Note that in the sepsis score, the human SIRS criteria for rectal temperature and white blood cell count are included.
 
 Reactive Oxygen Species The reactive oxygen species encompass all oxygen-derived toxic mediators that most commonly originate from mononuclear phagocytes or neutrophils.10 Oxygen free radicals are oxygencontaining molecules that contain an unpaired electron (superoxide anion O2−; hydroxyl radical, OH•). Free radicals can react with essentially any molecular component in their quest to “repair” the unpaired electron. In doing so, more radicals are generated and molecular damage ensues with loss of protein function, cross-linking of DNA, lipid peroxidation, vasoconstriction, and pain. Oxygen free radicals also induce cytokine production and endothelial adhesion molecules. Other reactive oxygen species that do not contain unpaired electrons include hydrogen peroxide (H2O2) and nitric oxide (NO). NO is generated enzymatically in phagocytes by inducible NO synthetase, which is activated by endotoxin and cytokines.
 
 Vasoactive Mediators In addition to the prostaglandins and NO, bradykinin, a by-product of activation of the contact coagulation system, and histamine are vasodilators. Angiotensin, endothelin, TxA2, and leukotrienes (LTC4, D4, and E4) have vasoconstrictive activities. Numerous molecular substances promote vascular leakage, including PAF, leukotrienes, complement components (C3a, C5a), NO, and bradykinin.2
 
 Diagnosis of SIRS In 1992, Bone and colleagues1 proposed the following specific diagnostic criteria for SIRS in human patients. More than one of the following clinical manifestations had to be present: (1)
 
 TABLE 2-1.  Diagnostic Criteria for SIRS in Adult Horses* Parameter
 
 Criteria
 
 Rectal temperature
 
 >38.6° C (101.5° F) or 60 beats/min Respiratory rate >20 breaths/min or PaCO2 14,000/µL or 10% bands
 
 Heart rate Respiratory White blood cell count
 
 *The diagnosis of SIRS can be made when at least two parameters’ criteria are present.
 
 Treatment of SIRS and Prognosis The treatment of SIRS is largely directed at controlling the primary disease process that triggered the response. Considering the underlying theme of overzealous inflammation in SIRS, anti-inflammatory agents are indicated. In light of the complexity of the pathophysiology of SIRS and the diverse array of endogenous mediators, there is unlikely to be a single therapeutic panacea. In people with SIRS, scoring systems have been developed that offer prognostic information.1 Because SIRS is not defined by consensus in horses, similar comparisons are not directly possible. However, there is evidence that foals meeting proposed criteria for SIRS had a higher mortality rate than those without SIRS.12
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 TABLE 2-2.  Sepsis Score System for Neonatal Foals: Each of the Following Parameters is Evaluated and a Score is Assigned11 Score Parameter
 
 4
 
 3
 
 2
 
 1
 
 0
 
 Score for This Case
 
 HISTORY 1. Placentitis, vulvar discharge, dystocia, long transportation of mare, mare sick, induced, prolonged gestation (>365 days) 2. Premature (days of gestation)
 
 Yes
 
 No
 
 330
 
 Severe
 
 Moderate >102° F Marked
 
 Mild 12,000 50-200 Mild >600 800 >70 No
 
 CLINICAL SIGNS 1. 2. 3. 4.
 
 Petechiae, scleral injection Fever Hypotonia, coma, depression, seizure Anterior uveitis, diarrhea, respiratory distress, swollen joints, open wounds
 
 Yes
 
 LABORATORY DATA 1. 2. 3. 4. 5. 6. 7. 8.
 
 Neutrophil count (per µl) Bands (per µl) Any toxic change in neutrophils Fibrinogen (mg/dL) Blood glucose (mg/dL) IgG (mg/dL) Arterial oxygen (mm Hg)* Metabolic acidosis*
 
 Marked 4
 
 40/7 45/7.5 50/8 >50/>8
 
 1.5-2 2-3 3-4 >4
 
 *These parameters are useful to estimate the degree of hypovolemia in adult horses, assuming a normal packed cell volume (PCV) of 35% and total protein (TP) of 6.5 g/dL.
 
 TABLE 3-6.  Composition of Commonly Used Intravenous Solutions Fluid Plasma Lactated Ringer Normosol-R 0.9% NaCl 5% Dextrose 2.5% Dextrose in 0.45% NaCl 1.25% NaHCO3
 
 Osmolality Na+ (mEq/L) K+ (mEq/L) Ca2+ (mEq/L) Mg2+ (mEq/L) Cl− (mEq/L) Buffer Source (mEq/L) (mOsm/L) 132-146 130 140 154 0 77
 
 2.8-5.1 4 5 0 0 0
 
 9.0-13 3 0 0 0 0
 
 1.8-3 0 3 0 0 0
 
 149
 
 0
 
 0
 
 0
 
 Adapted from Morris DD: Vet Med 34:164, 1987.
 
 99-110 109 98 154 0 77 0
 
 (TCO2) 20-36 (lactate) 28 (acetate, gluconate) 50
 
 149
 
 285 ± 10 274 295 308 253 280 298
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 In horses, routine fluid replacement also includes calcium, potassium, and magnesium supplementation, particularly when there is no oral intake because of gastrointestinal disease. Low concentrations of serum ionized calcium (iCa) and magnesium (iMg) are more prevalent in horses with surgical gastrointestinal disease, particularly in those with small intestinal or large and small colon nonstrangulating infarction or strangulation and in horses with postoperative ileus.23-25 Horses with enterocolitis also have low iCa and iMg and a decreased fractional clearance of calcium.26 Total magnesium and calcium concentrations are less reliable for identification of calcium and magnesium status—it is preferable to determine ionized concentrations.23-25 Measurement of total calcium can be misleading if total protein is low (ionized calcium may still be normal) or if the horse is alkalotic (total calcium may be normal, with a low ionized fraction). Fractional excretion of magnesium has been suggested as a diagnostic tool for assessment of magnesium status in horses.27 Based on this information, supplemental calcium and magnesium appears beneficial for fluid therapy in horses. Administration of 50 to 100 mL of 23% calcium gluconate in every 5 L of fluid is usually sufficient to maintain normocalcemia. In the presence of severe hypocalcemia (iCa less than 4.0 mg/dL), administration of 500 mL of calcium gluconate in 5 L of BES is indicated. Hypocalcemia that is refractory to calcium therapy may indicate hypomagnesemia, and concurrent magnesium replacement is required. The maintenance requirement of magnesium in horses is estimated at 13 mg/kg/ day of elemental Mg, which is provided by 31 mg/kg/day of MgO, 64 mg/kg/day of MgCO3, or 93 mg/kg/day of MgSO4.28 In critically ill patients, the requirement may be increased, as indicated by the high prevalence of hypomagnesemia in hospitalized patients.25 When considering magnesium supplementation, the concentration of elemental magnesium in the compound should be considered. Some crystalloid fluids such as Plasma-Lyte A and Normosol-R contain 3 mEq/L of elemental Mg. This amount may be insufficient to account for the increased losses in sick horses. Administration of 150 mg/kg/ day of MgSO4 (0.3 mL/kg of a 50% solution), equivalent to 14.5 mg/kg/day or 1.22 mEq/kg/day of elemental magnesium, administered in saline, dextrose, or polyionic fluids, would provide the daily requirement for the horse.28 Hypokalemia may develop because of lack of intake, diuresis, and gastrointestinal loss through diarrhea. Horses with a metabolic acidosis can become hyperkalemic, and potassium  excretion can occur after correction of the acidemia. Measurement of serum potassium as an estimate of total body potassium can be misleading, because most of the potassium ions are intracellular. Routine potassium supplementation is indicated if lack of intake and fluid therapy are continued for  more than 24 hours. To prevent complications, it is recommended that animals not receive more potassium than  0.5 mEq/kg/hr. Most horses will benefit from the addition of 20 mEq of potassium in the form of potassium chloride per liter of fluids. Bicarbonate supplementation may also be required in horses with metabolic acidosis. Because the most common cause of nonrespiratory acidosis is lactic acidemia resulting from poor perfusion, providing fluid replacement should be the first and principal means of correcting this problem. The following are rules of thumb for bicarbonate supplementation in acute metabolic acidosis:
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 • The horse should have normal respiratory function. If it is unable to exhale the generated CO2 because of a respiratory problem, worsening of the acidosis will result. • The blood pH should be less than 7.2. In acute acidosis associated with dehydration, fluid replacement will result in restoration of urine output, and renal compensation  will follow and usually be complete if the pH is greater than 7.2. • Half of the calculated amount should be administered rapidly, followed by the rest over 12 to 24 hours. • IV bicarbonate should not be given with calcium-containing solutions. The amount of bicarbonate required can be calculated using the following formula: mEq of bicarbonate = Base excess (mEq/L) × BW (kg) × 0.3 Alternatively, total CO2 (TCO2) can be used, remembering tCO2 represents bicarbonate content: (Normal tCO2 − actual tCO2 ) × BW (kg) × 0.3 In chronic metabolic acidosis, particularly when there are ongoing losses of bicarbonate (e.g., with diarrhea), the full calculated amount is usually required, partially because the bicarbonate loss is distributed over all fluid compartments, not just the extracellular fluid. Oral supplementation is a good means of dealing with ongoing losses in horses with diarrhea. Bicarbonate is available as an injectable solution in two concentrations: a 5% solution, which contains 0.59 mEq/L of bicarbonate, and an 8.4% solution, which contains 1 mEq/L. To make an isotonic solution for intravenous administration, 1 part of 5% bicarbonate can be diluted in 3 parts of sterile  water. Alternatively, 150 mL of 8.4% bicarbonate can be added to 850 mL of sterile water. Bicarbonate can be given orally  as a powder (baking soda), where 1 g NaHCO3 = 12 mEq HCO3−). Administration of dextrose is indicated for the treatment of hypertonic dehydration, for animals that are susceptible to or that have hyperlipemia (miniature horses and donkeys, adult horses with azotemia), and for pregnant mares as a source of energy for the fetoplacental unit.29,30 Because glucose is metabolized rapidly, administration of dextrose in water results in the administration of free water, which is useful for the correction of intracellular dehydration. As a source of energy, 5% dextrose can be administered at a rate of 1 to 2 mg/kg/min. Administration of colloids is indicated when the total protein concentration is less than 4 g/dL, the albumin concentration is less than 2.0 g/dL, or the colloid oncotic pressure is less than 12 mm Hg. Plasma and hetastarch are commonly used colloids in horses (see Chapter 1). Plasma administration is indicated when administration of other plasma products such as coagulation factors or antithrombin is desired in addition to administration of colloids. The amount of plasma to be administered can be calculated as follows: Plasma to be administered (L) =
 
 ( TPdes − TPpt ) × 0.05BW (kg) TPdon
 
 where TPdes is the desired protein concentration, TPpt is the total protein concentration of the patient, TPdon is the total protein
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 concentration of the donor plasma and 0.05BW (kg) is an estimate of the plasma volume. If the goal of colloid therapy is to restore oncotic pressure, then synthetic colloids can be used. Before the advent of hetastarch, dextran was commonly used, but its administration was associated with more anaphylactic reactions, and because of its lower molecular weight average, it was effective for a shorter duration.5 Hetastarch is preferred and is used at a dosage of 10 mL/kg. Higher dosages (20 mL/kg) were associated with increased coagulation times caused by a decrease in von Willebrand factor antigen (vWf:Ag) activity and factor VIII coagulant (FVIII:C), and should probably not be used in sick animals with increased susceptibility to coagulopathies.9 Hetastarch registers at a lower value than protein on a refractometer and can therefore decrease the value of the total protein concentration that is measured. To accurately monitor hetastarch therapy, use of a colloid osmometer is indicated. Administration of blood or blood substitutes (see Chapter 4) is indicated when loss of oxygen-carrying capacity has occurred through red blood cell loss. Ideally, fresh whole blood collected in a plastic container (to preserve platelet function) from a donor that is negative for the red blood cell antigens  A and Q should be given. The blood should also contain  an appropriate anticoagulant. Commercially available kits (Dynavet, Plasvacc USA Inc., Templeton, CA) consist of 2-L collection bags, collection and administration sets, and sodium citrate as an anticoagulant. This anticoagulant is not suitable for blood storage for longer than 24 hours. For longer storage, acid citrate dextrose (ACD) can be used. However, blood stored in ACD for greater than 10 days has a decreased concentration of 2,3-diphosphoglycerate, resulting in decreased oxygen release into tissues, increased red blood cell fragility, and increased potassium concentration. For prolonged storage of equine blood, the use of citrate phosphate dextrose with supplemental adenine is recommended.31 In cases of chronic blood loss, the amount of blood required can be calculated as follows: Amount required (L) =
 
 (PCVdes − PCVpt ) × 0.08BW (kg) PCVdon
 
 where PCVdes is the target packed cell volume, PCVpt is the patient’s packed cell volume, PCVdon is the PCV of the donor, and BW is body weight. When the blood loss is acute, the packed cell volume does not reflect the amount of blood lost for up to 24 hours. If blood loss is considered severe, 10 to 20 mL/kg of whole blood can be administered. When a large volume of anticoagulated whole blood is administered, the patient should be monitored for anaphylactic reaction and hypocalcemia. Hemoglobin glutamer-200 of bovine origin (Oxyglobin, Biopure Corp, Cambridge, MA) is a glutaraldehyde-polymerized bovine hemoglobin solution that has been administered safely to horses for restoration of oxygen-carrying capacity.32-34 After administration, volume expansion also occurs because of the colloidal nature of the solution. In one study performed in ponies with experimentally induced normovolemic anemia, administration of 15 mL/kg given at the rate of 10 mL/kg/hr improved hemodynamics and oxygen transport parameters without adverse renal or coagulation effects; however, one pony suffered an anaphylactoid reaction during infusion.32 The halflife of Oxyglobin is relatively short; therefore, the patient should be monitored if the need for another transfusion may arise.31 Expense may limit its use in adult horses.
 
 Rate of Administration In severe shock, a shock dose of fluids (60 to 90 mL/kg or 30-45 L per 500 kg horse) should be administered in the first hour. This can be done only with pressurized bags or a pump. In other situations, the rate of administration is calculated on the basis of 24-hour requirements and estimated as a volume per hour. It is important to keep a tally of the fluids given to ensure that the correct amount is reached.
 
 Oral Fluids Although the oral route of fluid administration has been neglected with the advent of commercially available intravenous fluids for horses, interest is being revived, particularly in the treatment of impaction colic. Oral fluids should be considered when the gastrointestinal tract is functional and maintenance requirements are needed, for example, in a dysphagic horse. Oral fluids also may be the principal treatment of impaction colic. Enteral fluid therapy may complement and even supplement intravenous fluids. Advantages of enteral fluid therapy include administration of fluid directly into the gastrointestinal tract, stimulation of colonic motility through the gastrocolic reflex, decreased expense, and decreased need for precise adjustment of fluid composition.35 Enteral fluids may be administered by intermittent nasogastric intubation or by placement of an indwelling feeding tube (18-French equine enteral feeding tube), allowing continuous fluid administration. An isotonic electrolyte solution can be made by mixing 5.27 g of NaCl, 0.37 g of KCl, and 3.78 g of NaHCO3 per liter of tap water.36 This solution results in the following electrolyte concentrations: 135 mEq/L of Na+, 95 mEq/L of Cl−, 5 mEq/L of K+, and 45 mEq/L of HCO3−, with a measured osmolarity of approximately 255 mOsm/L, representing a balanced, slightly hypotonic electrolyte solution compared with plasma. Plasma electrolyte concentrations remain within normal range with  this solution compared with the marked hypernatremia and hyperchloremia observed when 0.9% saline is administered enterally.35 Although normal horses can tolerate up to 10 L hourly, it is usually not possible to administer more than 5 L every 2 hours to horses with impactions, because they start to reflux when more fluid is given.37 As a consequence, intermittent intubation allows administration of approximately 60 L of fluids per day. When continuous enteral fluids are given, a greater rate of administration is tolerated, and horses can be given between 4 and 10 L/hr. At the higher rate of 10 L/hr, mild signs of abdominal pain were observed in normal horses, and in horses with large colon impaction, a rate of 5 L/hr is better tolerated.36 In one study, right dorsal colon ingesta hydration was significantly increased after enteral fluid therapy compared with intravenous fluid therapy combined with enteral administration of magnesium sulfate.38
 
 FLUIDS USED FOR RESUSCITATION Isotonic Crystalloids Isotonic crystalloid fluids are administered intravenously and immediately reconstitute the circulating volume. However, because they are crystalloids, they are distributed to the entire extracellular compartment within a matter of minutes. Because the ECF compartment is approximately 3 times the volume of
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 blood, three times as much isotonic crystalloid must be administered to gain the desired amount of circulating volume expansion. As an example, if blood loss is estimated at 30% of blood volume, representing 12 L for a 500-kg horse, then 36 L of a crystalloid fluid is required. An estimated shock dose for crystalloids is therefore 60 to 90 mL/kg/hr.
 
 Hypertonic Crystalloids (7.2% NaCl) Hypertonic crystalloid fluids (7.2% NaCl) have approximately 8 times the tonicity of plasma and ECF (composition: Na+, 1200 mOsm/L; Cl−, 1200 mOsm/L). Their immediate effect is to expand the vascular volume by redistribution of fluid from the interstitial and intracellular spaces. Each liter of hypertonic saline will expand blood volume by approximately 4.5 L. However, this effect is short-lived. As the electrolytes redistribute across the ECF, fluids shift back and the patient once again becomes hypovolemic. Because the principal effect of hypertonic saline is fluid redistribution, there still exists a total body deficit, which must be replaced. The duration of effect of hypertonic solutions is directly proportional to the distribution constant, which is the indexed cardiac output. In horses, the duration of effect is estimated at approximately 45 minutes. The recommended dosage is 4 mL/kg or 2 L per 500 kg horse, administered as rapidly as possible. Because of its short duration of effect, hypertonic saline administration must be followed with isotonic volume replacement at shock doses (see earlier).
 
 Colloids Colloids are fluids that contain a molecule that can exert oncotic pressure. These molecules do redistribute to the ECF, but at a much slower rate than crystalloids, so the effect is prolonged compared with crystalloids. Hetastarch, because of its long duration of effect, is the most commonly used fluid for volume expansion in horses. Each liter of administered colloid will further expand the circulating blood volume by approximately 1 L, resulting in a total fluid expansion of 2 L. If hetastarch is used at a dosage of 10 mL/kg or 5 L per 500 kg horse, the resulting increased colloid pressure will be significant for up to 120 hours in horses.9 For shock therapy, the combination of
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 hypertonic saline at 4 mL/kg and hetastarch at 4 mL/kg will prolong the resuscitation efforts and be more beneficial than either fluid alone.39,40
 
 MATERIALS FOR FLUID ADMINISTRATION Intravenous Catheters Intravenous catheters are available in varying materials, constructs, lengths, and diameters (Tables 3-7 and 3-8). In choosing a catheter, the desired fluid rate, the fluid viscosity, the length of time the catheter will remain in the vein, the severity of the systemic illness, and the size of the animal should be considered. The rate of fluid flow is proportional to the diameter of the catheter and inversely proportional to the length of the catheter and the viscosity of the fluid. Standard adult horse catheter sizes are usually 14 gauge in diameter and 13 cm (5.25 inches) in length. For more rapid administration rates (shock), a 12- or 10-gauge catheter should be used. Plasma and blood products flow more slowly because of their increased viscosity, so if volume replacement is also needed, administration of these fluids can be combined with a BES. Teflon catheters should be changed every 3 days, whereas polyurethane catheters may remain in the vein for up to 2 weeks. Horses that are very ill (bacteremic, septicemic, endotoxic) are more likely to encounter catheter problems and benefit from polyurethane or silicone catheters. The catheter construction needs also to be considered (see Table 3-8). Through-the-needle catheters are most common for standard size adult horses. An over-the-wire catheter is best for foals and miniature horses or when the lateral thoracic vein is
 
 TABLE 3-7.  Commercially Available Catheter Materials Material
 
 Comment
 
 Polypropylene, polyethylene tubing Teflon Polyurethane Silastic
 
 Highly thrombogenic Less thrombogenic Much less thrombogenic Least thrombogenic
 
 TABLE 3-8.  Catheter Constructs Commercially Available Type
 
 Description
 
 Advantage
 
 Disadvantage
 
 Butterfly
 
 Needle is attached to tubing
 
 Ease of use
 
 Over-the-needle
 
 Stylet is inside catheter for venipuncture
 
 Available in large diameter
 
 Laceration of vessel Vessel puncture Extravascular administration Limited length of catheter Insertion more difficult Break at junction of catheter and hub Trocar must be removed or protected
 
 Through-the-needle Short needle is inserted, catheter is threaded through needle Needle serves as guide to insert Over-the-wire wire, which is the guide for catheter
 
 All lengths available Trocar is removed after catheter insertion Long catheters available Ensures proper catheter placement
 
 More technical expertise required Expensive
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 catheterized. Short and long extension sets are available, as well as small- and large-bore diameters. It is best to use an extension that screws into the hub of the catheter, to prevent dislodgement. In horses with low central venous pressures, disconnection of the line may result in significant aspiration of air and cardiovascular collapse. Double extensions are also available when other medications need to be administered with the fluids. Sites for Intravenous Catheterization in Horses Common sites for insertion of intravenous catheters in horses include the jugular, lateral thoracic, cephalic, and saphenous veins. The lateral thoracic vein makes an acute angle as it enters the chest at the fifth intercostal space. Therefore a short (7.5-cm [3-inch]) or an over-the-wire catheter is best used when catheterizing this vein. When catheters are placed in any location other than the jugular vein, more frequent flushings (every 4 hours) are required, because these catheters tend to clot more easily. Limb catheters are usually bandaged, because they are more prone to dislodgment than jugular catheters.
 
 Catheter Maintenance In adult horses, catheters usually are not covered with a bandage but rather are sutured in place, so that any problem is quickly identified. Bandages may need to be applied in foals if they are tampering with the catheter. A triple antibiotic ointment or antiseptic skin sealant, an iodine/alcohol disinfectant solution (DuraPrep, 3M US, St. Paul, MN) (see Chapter 10), may be applied at the insertion site on the skin to decrease the risk of infection. Catheters should be flushed with heparinized saline (10 IU/mL) four times a day if they are not used for fluid administration. When administering a medication, the injection cap should be wiped with alcohol before insertion of the needle. The injection cap should be changed daily. All infected catheters should be cultured for identification of the causative organism and for possible nosocomial infection. In addition, culturing noninfected catheters at removal is a good practice in preventing hospital-wide nosocomial events.
 
 Coil Sets and Administration Sets Coil sets are used for in-stall fluid administration. They are essential as they allow the horse to move around, lie down, and eat without restraint. An overhead pulley system with a rotating hook prevents fluid lines from getting tangled. Administration sets are used for short-term fluid or drug administration and are available at 10 drops/mL and 60 drops/ mL. When using a calibrated fluid pump, care should be taken to use the appropriate set calibrated for the brand of pump. Long coiled extension sets may then be used to introduce fluids into the horse. Foal coil sets (18-French equine enteral feeding tube) are also available that deliver 15 drops/mL.
 
 Pump Delivery Calibrated pumps are available that allow delivery at various rates. These pumps have alarms that signal when air is in the line, fluid bags are empty, or there are problems with the catheter. The maximum fluid rate these pumps can deliver is 999 mL/hour, which is usually not rapid enough to provide fluid replacement
 
 in adult horses, but they are useful for foals or for constant-rate infusions. For large-volume fluid delivery, peristaltic pumps are available that can deliver up to 40 L/hr. These must be constantly supervised, because the pumps will continue to run even if fluids run out. Large-bore catheters should be used to prevent trauma from the jet effect on the endothelium of the vein.
 
 Oral Feeding Tubes Oral fluid administration offers a good alternative to intravenous fluid therapy in animals that require maintenance fluids because of an inability to swallow, or in horses with impaction colic. Enteral nutrition (see Chapter 6) can also be administered for complete or partial nutrition in foals and adults. Commercially available feeding tubes for foals, weanlings, and adults enable fluid or liquid diet supplementation while the horse continues to nurse or eat.
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 PHYSIOLOGY OF HEMOSTASIS Physiologic hemostasis is required for the control of bleeding related to surgery and trauma. A delicate balance of procoagulant, anticoagulant, fibrinolytic, and antifibrinolytic activities is required for effective control of bleeding without pathologic thrombosis. Over the last two decades, our understanding of physiologic hemostasis has evolved to include the pivotal role of the cells, rather than just the coagulation factors. It is still useful to understand the more simplistic cascade model of coagulation, because this is the basis for many coagulation tests. The surgeon should be familiar with predisposing factors for bleeding and coagulopathy as well as management of the bleeding patient, including blood transfusion and topical hemostatic agents.
 
 Blood Vessels and the Role of the Vascular Endothelium The vascular endothelium is critical in preventing inapproriate clot formation. Healthy, intact endothelium has antiplatelet, anticoagulant, and fibrinolytic properties. Anticoagulation and fibrinolysis are discussed in further detail later in this chapter, but an initial understanding of the role of the endothelium is needed to understand how coagulation events are set in motion after vessel trauma.
 
 The synthesis of prostacyclin (PGI2) and nitric oxide (NO) is largely responsible for the antiplatelet properties of the endothelium. Both of these substances inhibit platelet aggregation, and NO also inhibits platelet adhesion.1 The vasodilation induced by NO also helps to prevent clot formation by promoting low-turbulence blood flow. Platelet aggregation and adhesion are also prevented by enzymes on the endothelial surface that degrade adenosine diphosphate (ADP). The electronegative charges on endothelium and platelets physically prevent adhesion. Additionally, endogenous heparinlike substances are present on the endothelial surface, contributing substantially to anticoagulation. Glycosaminoglycans act as cofactors for antithrombin, which inactivates thrombin and coagulation factors VIIa, IXa, Xa, and XIa. Endothelial cells also express thrombomodulin, tissue plasminogen activator, and tissue factor pathway inhibitor, contributing further to anticoagulation and fibrinolysis. The immediate response of the blood vessel to injury is vasoconstriction. This is mediated through local signaling from damaged endothelial cells, perhaps through interruption of the release of endothelial-derived relaxation factors. Prompt vasoconstriction prevents unnecessary blood loss and promotes rapid fibrin formation. Alternatively, inappropriate or excessive activation of these procoagulant properties may play a role in the hemodynamic dysfunction and end-organ failure often
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 observed in severe endotoxemia or sepsis.2 The endothelium is metabolically active and able to respond to changes in environment, including hypoxia, shear stress, pH, and trauma. When vessel injury occurs, endothelial cells can express tissue factor (TF) and downregulate expression of thrombomodulin, becoming procoagulant. Activated endothelial cells release von Willebrand factor (vWF) from the Weibel-Palade bodies, promoting platelet adhesion. Local vasoconstriction is a crucial component of primary hemostasis, along with platelet activation, adhesion, and aggregation, all leading to formation of a temporary platelet plug.
 
 adhesion phase. This results in a primary platelet plug (primary hemostasis) that is responsible for preventing leakage of blood from the minute vessel defects that occur daily. If blood flow in this area remains nonturbulent, further platelet aggregation does not occur, and the monolayer generally suffices to plug the small defects or the area of vascular attenuation.3 With large vessel disruption, blood flow becomes quite turbulent, resulting in large platelet aggregates coating the exposed endothelium. Activation of platelets results in degranualation of platelet contents, releasing agonists. Thrombin, collagen, ADP, and thromboxane A2 promote platelet activation. After the platelet plug bridges the gap between endothelial cells, prostacyclin, produced by neighboring healthy endothelial cells, prevents unwanted expansion of platelet aggregates by decreasing further ADP release. The activated platelet serves as a congregation site for the coagulation factors via the integrin αIIbβ3 receptor (see “Secondary Hemostasis and Models of Coagulation”).
 
 Platelets and Primary Hemostasis The interaction of activated platelets with the exposed subendothelium of blood vessels is the basis of primary hemostasis. Platelets also play a key role in secondary hemostasis: once activated, they undergo conformational changes, exposing binding sites for specific coagulation factors. Platelets are derived from the cytoplasm of bone marrow megakaryocytes. They contain dense granules, α-granules and lysosomes, which store the majority of platelet proteins needed for the initiation of coagulation. The α-granules are the largest and most prevalent storage granules, comprising the majority of the storage capacity of platelets. They contain a number of proteins involved in platelet aggregation and cohesion, including fibrinogen, factor V (FV), factor VIII (FVIII), fibronectin, vWF, platelet-derived growth factor (PDGF), and platelet factor 4. Dense granules store calcium, a common cofactor in platelet– phospholipid interactions, as well as ADP, adenosine triphosphate (ATP), and serotonin. Thrombin is the strongest stimulant for the release of the contents of the dense granules, but other agonists for release have also been reported. Platelet lysosomes contain predominantly acid hydrolases, responsible for degradation of unwanted cellular debris after complete activation of fibrin formation.3 The platelet is the initial responder to vascular damage and subsequent endothelial exposure. Platelet adhesion is mediated by expression of P-selectin on the activated endothelium and by the platelet receptor GPIbα, which attaches to vWF. Once attached to the endothelium, platelets rapidly change shape and provide an effective monolayer in what is known as the
 
 Secondary Hemostasis and Models of Coagulation Secondary hemostasis involves the activation of soluble coagulation factors, ultimately resulting in formation of a stable fibrin clot. The traditional cascade model divides coagulation into intrinsic, extrinsic, and common pathways. These pathways are useful when interpreting in vitro plasma-based coagulation tests. The more recently described cell-based model of coagulation demonstrates that these traditional pathways are quite interconnected and are dependent on cell signals and receptors. Coagulation Cascade The coagulation cascade is the traditional model that describes the process of coagulation. This model is centered around the coagulation factors and is an excellent model for in vitro, plasma-based coagulation. The intrinsic pathway, or “contact activation” pathway, is initiated by the activation of factor XII (FXII) and subsequently factor XI through the exposure of blood to a negatively charged surface (Figure 4-1). Contact proteins such as high-molecular-weight kininogen (HMWK) and prekallikrein interact with FXII to acclerate its activation. Factor XIa (activated factor XI) in turn activates factor IX in the
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 Figure 4-1.  The traditional coagulation cascade: intrinsic, extrinsic, and common pathways. Roman numerals indicate factors. HMWK, Highmolecular-weight kininogen; PK, prekallikrein.
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 presence of calcium. Factor IXa then binds to procoagulant VIIIa in the presence of calcium. It is this complex that activates the common coagulation pathway, marked by the activation of factor X. The extrinsic pathway is initiated by the activation of factor VII by TF present in fibroblasts or other tissue factor–bearing cells. The TF-FVIIa complex activates factor X, leading into the common pathway. The common pathway is initiated by the activation of factor X, which, in the presence of activated factor V (Va), calcium, and a platelet phospholipid, converts prothrombin (factor II) to thrombin (IIa). In the final step of clot formation, factor IIa converts fibrinogen to fibrin. Factor XIIIa stabilizes the fibrin clot by cross-linking strands of fibrin monomer in the presence of calcium.
 
 adherence, activation, and aggregation of platelets, along with the accumulation of activated cofactors, constitute the amplification of coagulation. Some platelets have already adhered to the site of injury, but thrombin fully activates platelets via protease-activated receptors. Factor V is present in the α-granules of the platelet, and during platelet activation, FV moves to the surface of the platelet. FV is then fully activated by thrombin and FXa. Thrombin cleaves vWF/FVIII, allowing vWF to stimulate platelet adhesion. FVIII is bound to the platelet surface and is available to continue the propagation phase of coagulation. FXI is also activated by thrombin on the platelet surface. PROPAGATION Coagulation complexes assemble on the activated platelet surface and the resulting generation of large amounts of thrombin leads to the propagation of the coagulation process. FIXa is able to reach the platelet surface via diffusion, since it is not inactivated by antithrombin (AT) and other plasma protease inhibitors. FIX is also activated on the platelet surface by FXIa. FIXa and FVIIIa combine as the tenase complex on the platelet surface, and subsequently activate FX on the platelet surface. FXa and FV combine to form the prothrombinase complex, which produces a thrombin burst.
 
 Cell-Based Model Physiologic hemostasis occurs in three overlapping phases: initiation, amplification, and propagation.4,5 The intrinsic and extrinsic coagulation pathways are still incorporated in this model, but the pathways are shown to be highly interconnected (Figure 4-2). INITIATION When there is disruption of the endothelium, tissue factor– bearing cells such as fibroblasts are exposed to blood, and coagulation is initiated. TF is the primary initiator of coagulation, and the first steps of coagulation are limited to the cell membrane. Under pathologic (inflammatory) conditions, TF can be upregulated on endothelium, monocytes, and other cells and cell particles. Factor VII circulates in plasma and is available to bind to TF, leading to activated FVII. The TF-FVIIa complex then activates factor X and factor IX. Although FXa in plasma is readily inactivated, the membrane-bound FXa can combine with FVa to produce small amounts of thrombin.
 
 Fibrinolysis Simultaneous activation of the fibrinolytic system occurs with activation of coagulation. This is the primary mechanism of clot dissolution and is responsible for prevention of excessive fibrin deposition and restoration of nutrient blood flow to affected tissues. Fibrinolysis, in conjunction with prostacyclin released by surrounding healthy endothelial cells, inhibits unwanted expansion of the fibrin clot. Plasminogen, an inactive zymogen produced primarily in the kidney and liver, is the principal component of the fibrinolytic system. Plasminogen activators such as tissue plasminogen activator (tPA) and urokinase plasminogen activator (uPA) convert plasminogen to plasmin. Plasmin degrades fibrinogen and fibrin into soluble fibrin(ogen) degradation products (FDPs).
 
 AMPLIFICATION Once a small amount of thrombin is formed during initiation, the coagulation process can move to the platelet surface. The Initiation
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 Figure 4-2.  The cell-based model of coagulation: initiation, amplification, and propagation. Roman numerals indicate factors. vWF, von Willibrand factor.
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 The activation of the intrinsic pathway also activates plasminogen conversion to plasmin, through the action of kallikrein. Plasmin also inactivates other members of the coagulation cascade, such as factors Va and VIIIa, and actively degrades prekallikrein and HMWK. Through these mechanisms, plasmin not only degrades fibrin(ogen) but also downregulates coagulation. The products of fibrinogen or fibrin degradation are the FDPs designated fragment X, fragment Y, and fragments D and E.6 Plasmin degradation of cross-linked fibrin results in the D-dimer fibrin degradation product. These fragments are removed by the mononuclear phagocytic system of the liver, and accumulation of these fragments indicates increased fibrin production (and degradation) or liver dysfunction. During the maintenance of physiologic hemostasis, a critical balance between fibrin formation and degradation exists. Proper functioning of the fibrinolytic system controls unwanted clot expansion, prevents premature fibrin lysis, and provides appropriately timed restoration of nutrient blood flow to tissues. Increased levels of FDPs, D-dimers, or soluble fibrin monomer in the circulation lead to increased fibrinolysis. This can be interpreted either as being the result of a thrombogenic disease process, or as the patient being in a hypercoagulable state.
 
 Inhibitors of Coagulation and Fibrinolysis Inibitors of Coagulation Inhibitors of coagulation are composed of a family of proteins that enzymatically bind with coagulation factors to form inactive complexes. In some instances, coagulation cofactors or surface receptors are destroyed to downregulate clot formation. The principal inhibitors of coagulation are antithrombin, heparin, protein C, protein S, and tissue factor pathway inhibitor (TFPI) (Table 4-1). AT is responsible for 70% to 80% of thrombin inhibition in the coagulation system. It is the key player in a family of serine protease inhibitors responsible for modulation of clot TABLE 4-1.  Anticoagulation Factors and Their Inflammatory Effects
 
 Factor Name
 
 Action
 
 Antithrombin
 
 Anticoagulant Inhibits factors VIIa, IXa, Xa, XIa, XIIa Anticoagulant Inhibits factors Va, VIIa Decreases fibrinolysis Anticoagulant Inhibit factors Xa and TF-VIIa complex Antifibrinolytic Inhibits plasminogen Antifibrinolytic Reduces conversion of plasminogen to plasmin
 
 Protein C TFPI PAI-1 TAFI
 
 Changes Associated with Inflammation Decreases Decreases Variable Increases Increases
 
 PAI-1, Plasminogen activator inhibitor-1; TAFI, thrombin-activatable fibrinolysis inhibitor; TFPI, tissue factor pathway inhibitor.
 
 formation. Antithrombin is a glycoprotein produced in the liver and in endothelial cells that binds aggressively to thrombin. A stable thrombin-antithrombin (TAT) complex is the result of this reaction, and this complex is removed by the reticuloendothelial system. The cofactor heparin alters the arginine site of AT and dramatically increases its ability to interact with thrombin. AT is also capable of neutralizing factors XIIa, XIa, Xa, and IXa. The AT–heparin complex also slowly inactivates factor VIIa.7 The horse appears to have higher concentrations of AT than some other species, such as dogs and humans.8 Heparin is a highly sulfated glycosaminoglycan, ranging in molecular weight from 3 to 30 kDa. It is produced primarily in mast cells located in the lung, liver, kidney, heart, and gastrointestinal tract. Heparin causes a conformational change in AT, which increases the activity of AT 1000-fold.7 Its presence in an area of coagulation activation decreases thrombin-generated fibrin formation significantly. Heparin also releases TFPI from endothelial cells, thereby liberating one of the most effective inhibitors of the factor VIIa-TF complex. The thrombomodulin–protein C–protein S pathway has received a lot of attention in recent years. Protein C is a vitamin K–dependent zymogen with primary inhibitory action on factors Va and VIIIa. Protein C is activated by thrombomodulinthrombin complexes. This reaction is potentiated by the endothelial protein C receptor, which is located mainly in large vessels. When activated protein C is released into circulation, it associates with protein S and is able to inactivate factors Va and VIIa. Activated protein C is also profibrinolytic, since it inhibits plasminogen activator inhibitor-1 (PAI-1) and indirectly inhibits thrombin-activatable fibrinolysis inhibitor (TAFI) as a result of thrombin inhibition. TFPI is a group of lipoprotein-bound proteins produced primarily by platelets and endothelial cells. Heparin enhances the release of TFPI into the circulation. In the presence of calcium, TFPI inhibits factor VIIa-TF activation of factor X, thereby dramatically decreasing the primary cellular initiator of coagulation. Inhibitors of Fibrinolysis PAI is the principal regulator of plasminogen through inhibitory effects on tPA (see Table 4-1). PAI is present in endothelial cells and is stored in α-granules of platelets.9 The main physiologic inhibitor of plasmin is α-2-antiplasmin. An alternative inhibitor of plasmin, α-2-macroglobulin, may inhibit plasmin in a limited fashion, particularly if α-2-antiplasmin is overwhelmed. Prevention of premature fibrinolysis and clot dissolution is mediated principally through these inhibitors of plasminogen and plasmin. Another inhibitor of fibrinolysis, TAFI, is activated by thrombin, the thrombin-thrombomodulin complex, and plasmin. As a negative-feedback mechanism, plasmin can also activate TAFI.
 
 Coagulation Testing Screening tests consist of assays of primary and secondary hemostasis. Coagulation inhibitors and fibinolytic pathway inhibitors can also be assayed, including AT, FDPs, and D-dimer. Many point-of-care tests are available, and automated blood coagulation analyzers can perform a variety of coagulation tests, including activated partial thromboplastin time (APTT), prothrombin time (PT), fibrinogen, and AT testing (see later).
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 Tests of Primary Hemostasis Defects in primary hemostasis are suspected with clinical signs of mucosal bleeding, petechiation, ecchymoses, and epistaxis. The platelet count is the first step in the evaluation of primary hemostasis. Horses tend to have lower platelet counts than other species, typically in the 150,000 to 250,000/µL range. A platelet count of less than 100,000/µL is considered abnormal, although clinical bleeding may not be seen until the platelet count is below 30,000/µL. Platelet function tests should be performed when there are clinical signs of thrombocytopenia with a normal to increased platelet count. Template bleeding time (TBT) can be performed on the buccal mucosa or on the caudolateral aspect of the forelimb. TBT will be prolonged with thrombocytopenia, thrombocytopathia, and lack of vWF, and it may also be prolonged in cases of vasculitis. Unfortunately, TBT has been shown to have poor reproducibility and a very wide reference range in horses.10 Additional platelet function tests include platelet aggregation studies and platelet function analysis (PFA-100, Siemens, Deerfield, IL). The PFA-100 has been validated in the horse.11 Prothrombin Time PT measures the function of the extrinsic and common coagulation pathways. Platelet-poor plasma is mixed with thromboplastin and calcium, and time to clot formation is measured. Deficiencies in FV, FVII, FX, prothrombin, and fibrinogen can result in prolonged PT. Typically, an increase in time by 20% indicates an abnormal test result. In human patients, PT becomes prolonged when fibrinogen is less than 100 mg/dL, prothrombin is less than 30% of its normal plasma concentration, or factors VII, V, and X are decreased to 50% of their normal concentrations.12 Activated Partial Thromboplastin Time APTT measures the function of the intrinsic and common coagulation pathways. The test is performed by adding an activating agent to platelet-poor plasma in a glass tube containing phospholipid emulsion and calcium. Deficiencies of FXII, FXI, FX, FIX, FVIII, FV, prothrombin, and fibrinogen can result in prolonged APTT. FXII, HMWK, or prekallikrein deficiencies can prolong APTT but are not associated with bleeding tendencies in humans.13 As with PT, an increase in time by 20% is usually considered abnormal. Both PT and APTT serve as variables to evaluate the coagulation cascade portion of the hemostatic system. Although PT and APTT are certainly useful indications of significant problems with the coagulation cascade, they may not be sensitive enough to adequately identify early stages of hypercoagulability or DIC. Prolonged PT or APTT may be associated with body cavity bleeding, significant hematuria, or hematochezia. Normal reference ranges for PT and APTT should be established for individual laboratories, and separate reference ranges for neonatal foals should be determined. Activated Clotting Time Activated clotting time (ACT) measures the time required for whole blood to clot after contact with diatomaceous earth,
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 simulating the intrinsic and common coagulation pathways. Blood is collected directly into a tube containing the diatomaceous earth and is incubated at 37° C. The ACT will be prolonged with deficiencies of FVIII, FIX, prothrombin, and fibrinogen. ACT has the advantage of being a rapid, patient-side test; however, it is less sensitive than APTT for coagulation factor deficiencies. Anticoagulant Testing AT is the most commonly measured anticoagulant. It is measured by chromogenic assay in an automated analyzer, and results are reported as a percentage of activity. A decrease in AT levels may occur through consumption via increased thrombin formation; through protein loss, such as nephropathies or enteropathies; or via failure of adequate production. Protein C can also be measured with a chromogenic assay. Decreased AT and protein C levels are associated with hypercoagulability. AT is an acute phase reactant, so AT levels may be increased with some acute inflammatory conditions. Thrombin-antithrombin (TAT) is an irreversible inactive complex between thrombin and antithrombin. TAT levels can be measured using a sandwich enzyme-linked immunosorbent assay (Enzygnost), which has been evaluated and validated for use in the horse.14 Activation of coagulation and the procoagulant state result in elevated plasma levels of TAT. In human patients, TAT is elevated in states of disseminated intravascular coagulation (DIC) and sepsis.15
 
 Fibrin(ogen) Degradation Products FDPs are produced by the proteolytic degradation of fibrin(ogen) by plasmin. They are routinely cleared by the mononuclear phagocytic system (MPS), and an accumulation of FDPs indicates a failure of the MPS to adequately remove them from the circulation. This can be the result of local or systemic hyperfibrinolysis, and it may be indicative of a dramatic increase in clot formation. FDP evaluation is usually performed as a semiquantitative test, resulting in the following possible ranges for FDPs: 0 to 10 µg/mL, 10 to 20 µg/mL, 20 to 40 µg/mL, or greater than 40 µg/mL, with FDPs greater than 10 µg/mL considered abnormal. An evaluation of FDP assays in horses with severe colic demonstrated that FDP assays had a very low sensitivity and were not useful for the diagnosis of DIC in this patient population.16 Fibrinogen The measurement of fibrinogen as part of a standard coagulation profile is an attempt to document hypofibrinogenemia, which is a somewhat consistent feature of overt DIC in humans. Fibrinogen can be measured by the heat precipitation method, von Clauss technique, or automated photometric detection. It is not unusual for human patients with significant hemostatic dysfunction to develop a fibrinogen level of less than 100 mg/ dL. This does not seem to be a consistent feature of DIC in the horse, however, since fibrinogen increases with inflammatory conditions.17,18 Horses with DIC do not consistently demonstrate true hypofibrinogenemia, but they do have lower fibrinogen concentration than would be expected for horses with inflammatory conditions.19
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 D-Dimer D-dimer is an epitope resulting from the plasmin degradation of fibrin. It is a cross-linked dimer of the two smallest fibrin degradation products, fragment D-D. The D-dimer assay is specific for plasmin degradation of fibrin, as opposed to FDPs, which indicate degradation of either fibrin or fibrinogen. D-dimer can be measured semiquantitatively by latex agglutination or by latex-enhanced turbidimetric immunoassay performed on a standard coagulation analyzer.16 Increased D-dimer levels indicate increased fibrinolysis or inability to clear the products from the circulation. In critically ill human patients, D-dimer has been used to better characterize acute pulmonary thromboembolism and to diagnose deep vein thrombosis. D-dimer can be increased in horses as a physiologic response to the primary disease or surgical procedure or as a pathologic coagulopathy. Viscoelastic Monitoring Viscoelastic analyzers may hold some promise for evaluation of coagulation in the veterinary surgical patient. Thromboelastography (TEG), rotational thromboelastometry (ROTEM), and the Sonoclot analyzer are three currently available analyzers that use viscosity, elasticity, or both to evaluate clot formation in whole or citrated blood samples. These analyzers evaluate all phases of clot formation and retraction from a single small volume (i.e., 330 µL) of blood. A tracing or signature is provided from which values can be derived to assess platelet or coagulation function. Software is provided with each analyzer, resulting in a user-friendly interface and easy storage of data. In human surgical patients, viscoelastic analyzers are most commonly used as point-of-care testing to monitor coagulation inhibition during cardiopulmonary bypass procedures and liver transplantations and to evaluate perioperative hemorrhage. TEG has been used to identify hypercoagulable states in dogs with parvoviral enteritis, neoplasia, and immune-mediated hemolytic anemia.20-22 Normal values have been reported for adult horse TEG and neonatal foal Sonoclot, and viscoelastic testing has been used in populations of septic foals and adult horses with gastrointestinal disorders.23-28 There appears to be significant individual variation in TEG values in horses, and this variability may limit the use of TEG as a first-line point-of-care coagulation test.
 
 HEMOSTATIC DYSFUNCTION Hypocoagulability with subsequent surgical bleeding may be related to an inherited condition in the patient or to an acquired coagulopathy or thrombocytopathy. Hemostatic dysfunction may also consist of hypercoagulability, thrombotic tendencies, and DIC, especially associated with acute inflammatory diseases.
 
 Inherited Conditions Inherited conditions that result in coagulopathy or thrombocytopathy are relatively uncommon in the horse and much more common in the dog, cat, and human. These conditions include von Willebrand disease, thrombasthenia, hemophilias, and specific coagulation factor deficits. In horses, deficits of prekallikrein and of factors VIII, IX, and XI have been reported.29,30 These may be difficult to detect preoperatively; a thorough
 
 history obtained from the client or observation of clinical signs may indicate a need for specific coagulation testing. If a deficit is identified, adequate preparation for surgery is critical, possibly consisting of pretreatment with plasma or component therapy.
 
 Acquired Conditions Acquired conditions resulting in hemostatic dysfunction may manifest clinically as DIC or as a specific coagulopathy or thrombocytopathy. Hemostatic dysfunction can be the result of inappropriate use of heparin (particularly unfractionated), aspirin, or other anticoagulants. The administration of certain drugs such as sulfonamides, penicillin, phenylbutazone, ibuprofen, estrogens, antihistamines, and cardiovascular drugs has been associated with thrombocytopenia in humans and animals. Other diseases associated with hemostatic dysfunction in the horse are severe liver disease, equine infectious anemia, Anaplasma phagocytophilum, and equine viral arteritis. In general, if any acquired condition that could result in a coagulopathy is noted in the history or detected in the clinical progression of a surgical candidate, appropriate and complete evaluation of the hemostatic system must be performed. If the surgeon is presented with an emergency situation, arrangements should be made for the availability of a blood donor or possible component therapy to attenuate the situation.
 
 Inflammation and Coagulation Hemostatic dysfuction has long been recognized in horses with severe inflammatory diseases such as gastrointestinal disease and sepsis, and there is a growing body of evidence that demonstrates the intricate interplay between inflammation and coagulation. Severe inflammation can cause increases in coagulation, decreases in anticoagulation, and inhibition of fibrinolysis, resulting in a procoagulant state. Cytokines and endotoxin can induce increased expression of tissue factor on monocytes, macrophages, and microparticles.7,31 Endotoxin and proinflammatory cytokines can also activate platelets and induce the release of vWF from endothelium. Levels of AT are decreased as a result of impaired synthesis, increased consumption (because of increased thrombin generation), and negative acute-phase response. Protein C also decreases as a result of increased consumption, decreased production by the liver, and decreased activation by thrombomodulin. Fibrinolysis is impaired because tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) stimulate an increase in PAI-1. Coagulation derangements can acually contribute to further inflammation, since AT and protein C have anti-inflammatory effects. Activation of proteaseactivated receptors during coagulation also enhances inflammation through increased production of TNF-α, IL-6, and IL-8.31 This procoagulant state induced by inflammatory conditions can lead to DIC. The initial hypercoagulable state does not commonly lead to clinically evident thrombotic events in horses, except for catheter-related jugular thrombophlebitis.32 There are only single reports of a few cases of thrombosis (distal limb and pulmonary) related to gram-negative bacteremia or endotoxemia.33,34 In the early stages of DIC (subclinical), there will be clinicopathologic evidence of platelet consumption, coagulation factor consumption, and hyperfibrinolysis. With severe activation of coagulation, DIC can lead to massive fibrin deposition in tissues in the lungs, liver, and kidneys, potentially
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 leading to multiorgan failure.35 The syndrome of DIC places patients at risk of bleeding if intravascular coagulation is severe enough to result in coagulation factor depletion and thrombocytopenia, although the bleeding form of DIC is rare in the horse. Primary diseases that could result in DIC and that may be encountered by a surgeon include neoplasia, sepsis, trauma, severe acute hemorrhage, clostridial myositis, and severe endotoxemia associated with acute gastrointestinal disease. The diagnosis of DIC requires the horse to have a primary disease that places it at risk, as well as clinicopathologic evidence of coagulopathy. The testing recommended for diagnosis of DIC includes platelet count (thrombocytopenia), clotting times (prolonged PT and APTT), fibrinogen concentration (decreased), and D-dimer concentration or FDPs (increased).36 Scoring systems have been developed to aid in the diagnosis of DIC in human and canine patients, but there is not a comparable consensus scoring system for the equine patient.37,38 Reports of DIC in the equine veterinary literature most commonly describe the process as occurring secondary to a gastrointestinal disorder. Earlier reports describe clinical DIC, in which horses had overt clinical signs such as epistaxis, surgical bleeding, and venipuncture bleeding, whereas more recent reports have documented larger numbers of horses with subclinical DIC (an abnormal coagulation profile but lacking signs of a thrombohemorrhagic crisis).17,19,39,41 Ischemic and inflammatory conditions of the large colon are most commonly associated with clinicopathologic coagulopathy, but simple obstructions such as large colon impaction are rarely associated with coagulopathy. Approximately one third of horses presenting to a referral facility with acute colitis had evidence of subclinical DIC, defined as abnormal findings in at least three of six coagulation tests.19 The coagulation testing included platelet count, fibrinogen, PT, APTT, AT, and FDPs. Horses with subclinical DIC were 8 times more likely to die than those without evidence of DIC. Although fibrinogen was not below the reference range in coagulopathic horses, it was lower in horses with DIC compared to horses with no evidence of DIC, and fibrinogen decreased over the first 48 hours of hospitalization in nonsurvivors. Despite the frequent diagnosis of subclinical DIC, none of these horses with acute colitis demonstrated a clinical bleeding condition. Horses with large colon volvulus commonly demonstrate subclinical DIC, with 70% reported to have at least three of six coagulation tests abnormal.41 In this group of horses, development of prolonged PT, increased TAT, and thrombocytopenia were associated with a poor prognosis. Horses with four of six abnormal coagulation tests were also more likely to be euthanized. Other investigators have demonstrated that increased TAT, PT, APTT, PAI-1 and FDPs and decreased AT, protein C, and platelet count are associated with nonsurvival in horses with colic.14,18,42-46 Neonatal foals with sepsis have been shown to have a high incidence of clinicopathologic coagulopathy. Compared to healthy foals, septic neonates have prolonged PT and APTT; increased levels of fibrinogen, FDPs, α-2-antiplasmin, and PAI-1; and decreased levels of AT and protein C.47 Foals with septic shock were reported to have coagulopathy (at least three abnormal coagulation tests) in 25% of cases, with 67% demonstrating clinical bleeding disorders, including petechiation and epistaxis.48 Septic foals (not in shock) had clinical signs of bleeding in 39% of cases. Because horses with inflammatory conditions such as gastrointestinal disease and sepsis are at risk
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 of coagulation abnormalities, hemostasis testing should be strongly considered in these patient populations, and treatment should be initiated if indicated.
 
 Treatment of DIC Since DIC is not a primary disease, there is no specific treatment that will effectively reverse the process of coagulopathy. Identification of horses at risk and aggressive treatment of the primary underlying disease are the best strategies for preventing DIC. Prevention and treatment of endotoxemia, including treatment with hyperimmune plasma, polymyxin B, and nonsteroidal anti-inflammatory drugs, are reasonable strategies for prevention of DIC (see Chapter 2). In both human and veterinary patients, plasma and platelet transfusions are recommended in cases with active bleeding or with a high risk of bleeding (e.g., surgical procedure).49,50 Transfusions with specific coagulation factors such as prothrombin complex concentrates are not recommended as prophylactic treatment in nonbleeding human patients, because the addition of activated factors may worsen intravascular coagulation.50 Antithrombin concentrate is not available for horses, but treatment with fresh frozen plasma will provide AT, an anticoagulant factor, which is frequently decreased in critically ill and septic horses. Anticoagulant treatment early in the course of DIC may limit the activation of coagulation. Heparin is the anticoagulant most commonly used for this purpose in human and veterinary medicine. Heparin increases the activity of AT, thereby inhibiting thrombin and factor Xa. Low-molecular-weight heparin (LMWH) has greater inhibition of FXa, dose-dependent clearance, and a longer half-life than unfractionated heparin (UFH).51 In horses, administration of UFH has been associated with prolonged APTT and decreased packed cell volume (PCV), whereas these side effects are not seen with administration of LMWH.52 The following regimen is recommended: heparin calcium, 150 IU/kg SQ initially, then 125 IU/kg SQ q12h for 3 days, followed by 100 IU/kg SQ q12h. When using sodium heparin, a dose of 40-80 units/kg q12h is recommended. The following regimen for LMWH is recommended: Dalteparin 50 to 100 anti-Xa units/kg SQ q24h; enoxaparin 40 to 80 anti-Xa units/kg (0.35 mg/kg) SQ q24h. Although the use of heparin has been reported for treatment of DIC in horses, there are no controlled studies to evaluate treatment of DIC in horses.17 There is some evidence to support heparin anticoagulant treatment for DIC in human patients; however, studies indicate that the use of exogenous heparin may negate some of the beneficial anti-inflammatory effects of AT, which are mediated via endogenous heparans on the endothelium.53,54 Treatment with recombinant human activated protein C was shown to be beneficial in human patients with severe sepsis and DIC.55 A recombinant equine protein C is not available, and therefore this drug has not been evaluated in horses.
 
 Risk of Surgical Bleeding Certain surgical procedures in equine surgery are associated with a significant risk for intraoperative and postoperative hemorrhage. Surgery involving the sinuses or ethmoid area, the cranial reproductive tract, the spleen, or certain neoplasias may result in significant intraoperative hemorrhagic challenges. Because some of these surgeries can be performed electively, careful preoperative planning may alleviate many of the complications of
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 perioperative hemorrhage. Options include planned autologous transfusion and normovolemic or isovolemic hemodilution, preoperative crossmatch and subsequent whole blood transfusion (see later), or availability of stored blood products and components. Autologous transfusion and normovolemic hemodilution involve collection of the patient’s blood in the weeks before surgery (banking) or in the immediate preoperative period, followed by administration of crystalloids before induction. Throughout any surgical procedure, it is critical to employ proper hemostatic techniques (see Chapter 12).
 
 Box 4-1.  Formulas
 
 OXYGEN EXTRACTION RATIO
 
 O2 ER = ∼(SaO2 − SvO2)/SaO2 O2 ER = Oxygen extraction ratio SaO2 = Arterial oxygen saturation SvO2 = Mixed venous oxygen saturation
 
 BLOOD TRANSFUSION VOLUME (L)
 
 Body weight (kg) × 0.08 × [(Desired PCV − Actual PCV)/Donor PCV]
 
 PLASMA TRANSFUSION VOLUME (mL)
 
 BLOOD TRANSFUSION Indications Whole Blood Whole blood (WB) transfusions are most often indicated for horses that have suffered acute blood loss from trauma, surgery, or other conditions such as splenic rupture or uterine artery hemorrhage. In cases of blood loss, the transfusion serves to restore blood volume as well as oxygen-carrying capacity. Although there are no set variables that serve as “transfusion triggers,” a combination of physical examination and clinicopathologic parameters can be used to guide the decision to transfuse. It is important to remember that the PCV may remain normal for up to 12 hours following acute hemorrhage because of the time required for fluid redistribution and the effects of splenic contraction. Serial monitoring of PCV and total solids (TS) as the horse is rehydrated with intravenous fluids will give an indication of the extent of blood loss. Suspicion of largevolume blood loss, combined with tachycardia, tachypnea, pale mucous membranes, lethargy, and decreasing TS may lead to the decision to transfuse.56 A blood transfusion is likely needed during an acute bleeding episode when the PCV drops below 20%, although in acute severe cases, transfusion may be needed before there is a significant drop in PCV. Estimation of blood loss at surgery can be used to guide the decision to transfuse, with loss of greater than 30% of blood volume generally requiring transfusion.57 Anesthetized horses may have very stable heart rate and PCV despite massive blood loss; pale mucous membranes with prolonged capillary refill time (CRT), decreasing TS, hypotension, and hypoxemia are better indicators of blood loss.58 Oxygenation status can help to determine the need for blood transfusion in cases of both acute hemorrhage and chronic anemia. A rise in blood lactate concentration despite volume replacement with crystalloid or colloid fluids may indicate continued tissue hypoxia and a need for blood transfusion.59,60 Oxygen extraction ratios are also useful measures; a ratio greater than 40% to 50% in the context of blood loss may indicate a need for blood transfusion (Box 4-1).61 Transfused red blood cells (RBCs) have been reported to have a very short half-life; however, a recent study indicates that autologous transfused red blood cells have longer survival than originally reported, and allogeneic (donor) transfused RBCs may also have a longer half life than was reported in the original chromium label studies.62-64 Red blood cells from allogeneic transfusions do have a much shorter half-life than autologous red cells, so transfusion should still be considered a temporary measure to restore oxygen-carrying capacity, relying on the horse’s erythropoeitic response or resolution of underlying disease to provide long-term resolution.
 
 Body weight (kg) × 45 mL/kg × [(Desired TP − Actual TP)/ Donor TP] ER, Extraction ratio; PCV, packed cell volume; TP, total protein.
 
 Fresh whole blood can also provide platelets, though generally not in concentrations high enough to treat severe thrombocytopenia. For patients with primary thrombocytopenia or thrombocytopathia, platelet concentrates can be given. Platelet concentrates can be obtained by plateletpheresis or by centrifugation using a slow-spin technique. Packed Red Blood Cells Packed red blood cells (pRBCs) are indicated for normovolemic anemia, such as neonatal isoerythrolysis, erythropoietic failure, and chronic blood loss. In cases of chronic or hemolytic anemia, markers of tissue oxygenation, such as lactate and oxygen extraction are still useful. PCV is a better “transfusion trigger” for chronic anemia compared to acute hemorrhage, with transfusions suggested for horses with evidence of tissue hypoxia and a PCV less than 10% to 12%. Transfusions may be given at a higher PCV for horses with concurrent conditions (e.g., respiratory disease, anesthesia, sepsis) or risk of further blood loss. When pRBCs are not available, WB may be used for the same indications, although attention should be paid to the total volume given so that volume overload is avoided. Plasma Plasma transfusion is indicated for the treatment of clotting factor deficiency, hypoalbuminemia, and neonatal failure of transfer of passive immunity. Fresh and fresh frozen plasma (FFP) contain immunoglobulins, coagulation factors (fibrinogen and factors II, VII, IX, X, XI, and XII), and cofactors (factors V and VIII), and the anticoagulant proteins antithrombin, protein C, and protein S. Plasma has also been used for treatment of DIC in horses.17 Colloid support is generally recommended in patients with a total protein less than 4.0 g/dL or serum albumin concentration less than 2.0 g/dL. Other indications for colloid support are colloid oncotic pressure less than 14 mm Hg, clinical signs such as ventral edema, and conditions that increase microvascular permeability, such as sepsis. When plasma is not necessary for clotting factor replacement, a synthetic colloid such as hydroxyethyl starch (hetastarch) is preferred for volume expansion and more effective oncotic support. For more information on this subject please review Chapter 1. Preoperative evaluation of neonatal foals should include testing IgG concentration. Failure of transfer of passive
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 immunity (FPT) in neonatal foals greater than 12 hours of age is best treated by plasma transfusion, because colostrum absorption is greatly diminished after 12 hours.65 An IgG concentration less than 200 mg/dL is considered complete FPT, and IgG between 400 and 800 mg/dL is considered partial FPT. Although plasma transfusion is not always needed for foals with partial FPT, it is recommended for foals that have preexisting infection or exposure to pathogens. Commercially available fresh frozen hyperimmune plasma is most commonly used for treatment of neonatal foals. Equine FFP is licensed by the U.S. Department of Agriculture, and most products have a minimum guarantee for IgG concentration and a 2- to 3-year shelf life when frozen. Although commercially available hyperimmune plasma has very high IgG concentrations (1500 to 2500 mg/dL), plasma from local donor horses may provide better protection against specific local pathogens. There are multiple hyperimmune plasma products with bacterial- or viral-specific antibodies. There is some evidence for the efficacy of Escherichia coli (J5) and Salmonella typhimurium hyperimmune plasma for the treatment of equine endotoxemia; however, there are also reports that dispute the efficacy of such products.66,67 The use of Rhodococcus equi hyperimmune plasma for the prevention of R. equi infection has also been controversial.68,69 Other plasma products available for specific disease treatment include botulism antitoxin, West Nile virus antibody, and Streptococcus equi antibody. Oxyglobin Oxyglobin is a hemoglobin-based oxygen-carrying solution that is indicated for treatment of anemia. Oxyglobin has been used experimentally in ponies with normovolemic anemia.70 In this study, Oxyglobin improved hemodynamic and oxygen transport parameters; however, one pony had an anaphylactic reaction. The use of Oxyglobin was also reported for treatment of a pony mare with chronic hemorrhage and a history of acute transfusion reactions.71 Although Oxyglobin is currently commercially available, the cost and volume (125 mL) per bag limit its utility for equine treatment.
 
 Donor Selection and Management There are 8 recognized equine blood groups, and 30 different factors identified within 7 of these groups.72 Because of the large number of blood groups and factors, there are no true universal donors for horses. The ideal equine blood donor is a healthy, young gelding weighing at least 500 kg. Donor horses should be up-to-date on vaccinations, including rhinopneumonitis, tetanus, eastern and western equine encephalomyelitis, rabies, and West Nile virus. Donors should be tested annually for equine infectious anemia. Because RBC antigens Aa and Qa are the most immunogenic, the ideal donor should lack the Aa and Qa alloantigens. There are breed-specific blood factor frequencies, so a donor of the same breed as the recipient may be preferable, especially when blood typing is not available. Horses that have received blood or plasma transfusions and mares that have had foals are not suitable as donors because they have a higher risk of carrying RBC alloantibodies. Donkeys have an RBC antigen known as “donkey factor,” which is not present in horses; therefore, donkeys or mules should not be used as donors for horses, because the horses receiving transfusion can develop anti–donkey factor antibodies.73 In the referral practice
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 setting, it may be practical to establish a group of blood donor horses. These donor horses should be blood typed and should also be tested for alloantibodies. When a surgical procedure is planned in advance and there is a high risk of substantial blood loss, preoperative autologous donation should be considered, because the horse would be its own ideal blood donor.74 The life span of transfused autologous RBCs after 28 days of storage is approximately 30 days, compared to a 14-day half-life for fresh, crossmatched allogeneic blood.64,75 Intraoperative or posthemorrhage cell salvage is also an option for autotransfusion, and its use has been reported in a horse with postcastration hemorrhage.76 RBC recovery can be performed with specialized cell salvage equipment, which washes and filters collected blood, but cell salvage can also be performed with simple anticoagulation and filtration.77 The technique of cell salvage is limited to cases in which the salvaged blood is not in an area of infection or malignancy, unless specialized washing and filtering equipment is used. Blood Typing and Crossmatching In an emergency situation, an immediate blood transfusion may be given without a crossmatch for the first time, with a very minor risk of serious transfusion reaction. Horses can develop alloantibodies within 1 week of transfusion, so blood typing and crossmatching are recommended before a second transfusion is performed.78 However, a second blood transfusion may be performed safely within 2 to 3 days of the first transfusion without a blood crossmatch. Blood typing and alloantibody screening can be used to help find the most appropriate donor horse for the patient requiring transfusion. Unfortunately, since blood typing is timeconsuming and laboratories performing blood typing are very limited, this is not often a practical method of donor selection. Blood typing and antibody screening before initial transfusion are more important for horses that may require subsequent blood transfusions and for broodmares that may produce foals with neonatal isoerythrolysis (NI) if sensitized to other blood group factors.78 A rapid agglutination method for detection of equine RBC antigens Ca and Aa has been developed that may be a more practical method of pretransfusion testing.79 A blood crossmatch is recommended before a transfusion, especially for any horse that may have previously been exposed to RBC antigens. Hemagglutination crossmatching is widely available and rapidly performed; however, it will not predict all transfusion reactions, namely the hemolytic reactions. Rabbit complement can be added to the reaction mixture to detect hemolytic reactions.80 The major crossmatch involves mixing the donor’s washed red blood cells with the recipient’s serum, whereas the minor crossmatch involves mixing the recipient’s red cells with the donor’s serum. If the minor crossmatch is incompatible, but the major crossmatch is compatible, the transfusion can still be performed after washing the donor red blood cells.
 
 Blood Collection and Administration Collection Technique Blood is collected from the jugular vein of the donor horse, either via direct needle cannulation or catheterization. When a large volume of blood is needed, a 10- or 12-gauge catheter is recommended, although a 14-gauge catheter is also sufficient.
 
 44 
 
 SECTION I  SURGICAL BIOLOGY
 
 Blood flow may be improved by placing the catheter opposite the venous blood flow (catheter directed toward the head). A healthy horse can donate approximately 20% of its total blood volume every 30 days.81 When 15% or greater blood volume is collected, volume replacement with intravenous crystalloid fluids is recommended. The donor horse’s heart rate, respiratory rate, and attitude should be monitored during the blood collection. Vital parameters should normalize within 1 hour of collection. Plastic bags and vacuum-collection glass bottles are available for blood collection in sizes ranging from 450 mL to 2 L. The glass bottles are preferred by many because of the speed of collection; however, the glass inactivates platelets and causes some damage to RBCs.82,83 When blood is collected for immediate transfusion, anticoagulation with 3.2 % sodium citrate (1:9 anticoagulant to blood ratio) is adequate. However, when blood is stored for later transfusion, optimal pH and support of RBC metabolism are necessary to sustain RBC viability. Biochemical and hematologic parameters suggest that WB may be stored in citrate-phosphate-dextrose-adenine (CPDA)-1 bags for at least 3 weeks.82 A posttransfusion viability study on equine blood stored for 28 days demonstrated a 24-hour labeled RBC survival of 73% and a half-life of 29 days.64 RBC concentrates stored in saline-adenine-glucose-mannitol solution may be suitable for transfusion for up to 35 days after collection.84 Blood should be stored in a dedicated blood bank refrigerator at 4° C. Equine blood can be processed to provide plasma and pRBC components. Because of the rapid sedimentation of equine RBCs, the RBC component can be administered without specialized processing; however, the pRBCs will still contain plasma components unless centrifugation and repeated washing are performed. Washing of RBCs is the preferred technique when a transfusion is given to an NI foal using the mare as a donor. When RBC washing or other processing is planned, blood should be collected into bags rather than bottles because of ease of centrifugation and sterile transfer. Plasma processing can be performed by gravity sedimentation, centrifugation using a double-bag system, or plasmapheresis. Plasmapheresis is the preferred technique because it is more rapid than WB collection and processing and yields plasma with minimal RBCs and leukocytes.85 Plasmapheresis of 4 to 11 L can be performed every 30 days on donor horses.86 Immunoglobulins are well-maintained for at least 1 year in FFP; however, coagulation factor activity may decrease after 2 to 4 months of storage.87 Administration and Adverse Reactions The volume of blood to be transfused depends on estimated blood loss, estimated total blood volume, and donor PCV. In cases of acute blood loss, PCV is often not useful for estimates of volume to be transfused since it does not accurately reflect blood loss. Instead, estimates of blood loss and evaluation of clinical parameters are used to determine the volume of blood needed. From 25% to 50% of the total blood lost should be replaced by transfusion since much of the circulating volume will be replaced by fluid shifts. It is important to remember that up to 75% of RBCs lost into a body cavity (e.g., hemoperitoneum) are autotransfused back into circulation within 24 to 72 hours.88 Therefore lower percentages of blood volume replacement may be needed in cases of intracavitary hemorrhage. The volume of blood required to treat horses with normovolemic
 
 or chronic anemia can be estimated based on the target PCV (see Box 4-1). Blood and plasma products should be delivered with an in-line filter to remove small clots and fibrin. Volumes of plasma for treatment of hypoproteinemia can be estimated by total protein or albumin concentrations (see Box 4-1), although the use of plasma to normalize severe hypoproteinemia can be prohibitively expensive in the adult horse. Volume of plasma given for treatment of hypoproteinemia or coagulopathy is often determined by clinical and clinicopathologic response. A starting point for treatment of coagulapathy is approximately 4 to 5 mL/kg plasma. Follow-up monitoring with hemostatic testing is recommended to help determine the end point of treatment. To facilitate monitoring for transfusion reactions, blood should be delivered at a rate of approximately 0.3 mL/kg over the first 10 to 20 minutes, while monitoring heart rate, body temperature, and respiratory rate. Horses should also be monitored for signs of muscle fasciculation, piloerection, and urticaria. Adverse reactions reported in horses receiving blood transfusions include urticaria, hemolysis, and acute anaphylactic reactions. The rate of adverse reaction to WB transfusion has been reported as 16%, with 1 of 44 horses (2%) having a fatal anaphylactic reaction.56 If no signs of reaction are seen, the rate of administration can be increased to 5 mL/kg/hr for normovolemic horses and up to 20 to 40 mL/kg/hr for hypovolemic horses. If signs of anaphylaxis are present, epinephrine (0.01 to 0.02 mL/kg IV of 1:1000 solution) should be administered immediately. More mild transfusion reactions, such as urticaria, fever, and tachypnea, may be treated with an NSAID (e.g., flunixin meglumine 1.1 mg/kg IV) or an antihistamine (e.g., tripelennamine 1.1 mg/kg IM). Similar to the risk in other veterinary species, bacterial contamination of blood, transmission of blood-borne disease from donor to recipient, and hypocalcemia associated with citrate toxicity are all potential concerns related to transfusion in the equine patient. An additional concern in horses is the possible sensitization of a broodmare to blood group antigens, leading to the risk of NI in subsequent foals.78 Although plasma transfusions are not commonly associated with serious adverse reactions, serum hepatitis has been reported in association with transfusions of commercial plasma.89
 
 TOPICAL HEMOSTATIC AGENTS Topical hemostatic agents are needed for control of diffuse capillary bleeding from bone or parenchymal organs, such as liver or spleen. These agents can also be useful for control of bleeding during dental and nasal surgery. Surgical hemostasis techniques, including mechanical, thermal, chemical, and physical hemostasis are discussed in Chapter 12. This section will focus only on topical products available for augmentation of hemostasis. The most common veterinary use of topical hemostatic agents is in canine spinal surgery, and there are no specific equine studies available to guide the use of these hemostatic agents.
 
 Mechanical Hemostatic Agents These topical agents exert their main hemostatic effect by applying pressure on the area of diffuse bleeding. Some of these products also act as a scaffold for platelets and coagulation factors. The mechanical hemostatic agents are generally
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 appropriate for control of smaller areas of discrete bleeding rather than more severe bleeding. Although there are numerous topical hemostatic products on the market, the major longstanding products are described later. Purified Gelatin Sponge The gelatin sponge is made from purified animal gelatin. It binds well to tissue and exerts a hemostatic effect by swelling as it is soaked with blood. Gelatin sponges can be soaked in thrombin to help promote coagulation directly.90 Gelatin sponges can potentiate infection, and their use should be avoided in contaminated wounds. This product is absorbed over a period of 4 to 6 weeks. Oxidized Regenerated Cellulose Oxidized regenerated cellulose is a chemically altered form of cellulose, which is particularly useful to control diffuse bleeding from broad surfaces. Surgicel has mechanical hemostatic effects as a result of swelling from blood absorption, and it activates coagulation on the collagen surface. Surgicel also acts as a caustic hemostatic agent because of its low pH. The low pH additionally confers antibacterial properties and therefore is preferred over gelatin foam for use in contaminated areas.91 Surgicel should not be soaked in thrombin, because the biologic agents will be inactivated in the low-pH environment. The low pH may also lead to tissue inflammation and delayed wound healing, so any excess product should be removed from the surgical site. This product is absorbed in 7 to 14 days, although residue from the material may persist for several months to years.92 Microfibrillar Collagen Hemostatic Agents Microfibrillar collagen agents (Avitene, Instat) are derived from bovine dermal collagen, and are available in fibrous (flour), sheet, and sponge forms. These products are absorbed in 8 to 10 weeks. Microfibrillar collagen agents do not swell, and they do not rely as much on their mechanical effect as does Gelfoam. The product does bind tightly to the bleeding surface, so there is likely some mechanical blockage of injured vessels. Platelets adhere to the collagen and are activated, and the resultant platelet degranulation and aggregation lead to hemostasis. These products are less effective in patients with thrombocytopenia.93 Microfibrillar collagen products have been associated with allergic reactions in human patients, likely related to the bovine origin of the materials. Microfibrillar collagen can interfere with bacterial clearance and wound healing, and it is therefore recommended that it be removed from the surgical site before closure of the wound.90 Polysaccharide Hemostatic Agents Microporous polysaccharide hemispheres (TraumaDex) have a porous surface that allows absorption of blood, thereby concentrating platelets and coagulation factors and reducing the time required for coagulation. This product is absorbable and does not appear to inhibit wound healing.94 It does not appear to be as effective for severe arterial or venous bleeding compared to other topical hemostatic agents. Another type of polysaccharide, chitosin, is present in hemostatic dressings designed to
 
 45
 
 control bleeding from traumatized extremities (HemCon Bandage). Bone Wax Bone wax is composed of beeswax and petroleum jelly and, as its name suggests, is used to control bleeding from bone surfaces. It mechanically stops blood flow from vessels in bone, and it does not have any biologic hemostatic effect. Bone wax inhibits bone healing, so it should not be used when fracture union is desired. It has also been shown to inhibit bacterial clearance from cancellous bone, and therefore it should not be used in areas of bacterial contamination or infection.95 Bone wax has been reported to cause additional adverse effects such as allergic reaction, granulomatous reaction, and embolization.90
 
 Adhesives and Sealants Thrombin Products Thrombin is available as a stand-alone product and is also a component of other biologic hemostatic agents.92 Bovinederived thrombin actively promotes coagulation by converting fibrinogen to fibrin and activating platelets. The stand-alone thrombin products (Thrombin-JMI) are packaged as a powder that is reconstituted for use. The liquid solution can be difficult to apply accurately during surgery. Thrombin is also available in a variety of combination preparations. A combination of human thrombin and collagen-derived gelatin matrix (FloSeal) is available as a “flowable” product, applied to the bleeding surface. Bovine-derived thrombin has been shown to induce antibody formation in human patients, especially to factor V. Recombinant human thrombin products are available, but similar veterinary recombinant products do not exist. Fibrin-Based Sealants These products are applied directly to the tissue and promote hemostasis by adhesion and formation of a fibrin clot, reducing the size of the open bleeding defect. Fibrin glues (TISSEEL) contain thrombin and fibrinogen, which are combined at the time of application through a dual-chamber syringe. Fibrin sealants replicate the last stage of coagulation and do not require that the patient have normal platelets or coagulation factors. Fibrin sealants are biodegradable and have not been associated with tissue inflammation or foreign body reaction.
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 CLASSIFICATION OF WOUNDS Wound healing is inherent to all species and is the biologic process by which the body repairs itself after injury, whether it be traumatic or surgical. Understanding the basics of wound healing can improve patient outcome, reducing morbidity and often expense. Wounding may be restricted to the skin but often will involve underlying and adjacent tissues. Wounds have been traditionally classified as open or closed, and further as clean or contaminated.1 These traditional classification schemes are useful because they provide a basis for general therapeutic guidelines. Closed wounds include crushing or contusion injuries, which at the time of impact do not have skin loss. However, substantial disruption to the underlying blood supply can occur, which may lead to future skin loss and often a prolonged recovery period. Open wounds can be classified by the type of trauma, such as abrasions, avulsions, incisions, and lacerations (Table 5-1); partial or full-thickness; or alternatively, they can be classified based on their potential for bacterial presence.1 Surgical wounds created under aseptic conditions are clean wounds. Clean-contaminated wounds are surgical wounds in
 
 5
 
  
 
 which the respiratory, alimentary, or urogenital tracts are entered under controlled conditions without unusual contamination, whereas contaminated wounds are open, acute, accidental, or surgical wounds in which there has been a major break in sterile technique. Dirty or infected wounds are those that are old, have devitalized tissue, or have gross contamination with foreign debris. Clean, clean-contaminated, and contaminated wounds by definition contain less than 1 × 105 bacteria per gram of tissue, whereas those with greater than 1 × 105 are infected.2 When in doubt, all nonincision open wounds should be handled as if they are infected, as should any incision from which there is purulent drainage. In the past, open wounds were often classified on duration since the time of injury and the degree of contamination: Class 1 (less than 6 hours duration with minimal contamination), Class 2 (6 to less than 12 hours duration with significant contamination), and Class 3 (longer than 12 hours duration with gross contamination).3 This type of classification is less useful in equine veterinary medicine because all wounds regardless of the duration have the opportunity for marked contamination considering the environment in which horses live.
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 TABLE 5-1.  Wound Classification Classification
 
 Description
 
 Crush
 
 Injury occurring when the body part is subjected to a high degree of force between two heavy objects. A blow to the skin in which blood vessels are damaged or ruptured. Damage to the skin epidermis and portions of the dermis by blunt trauma or shearing forces. Loss of skin or tissue characterized by tearing of the tissue from its attachments. A wound created by a sharp object that has minimal adjacent tissue damage. An irregular wound created by tearing of tissue. Skin and underlying tissue damage can be variable. A penetrating injury to the skin resulting in minimal skin damage and variable underlying tissue damage. Contamination with dirt, bacteria, and hair is common.
 
 Contusion Abrasion Avulsion Incision Laceration Puncture
 
 Choice of wound closure primarily depends on the type of wound (i.e., puncture versus laceration) and the degree of contamination. Closure of open, full-thickness wounds may be by primary, delayed primary, or secondary closure techniques, or they may be left to heal by second intention (Table 5-2).1 The decision to proceed with one method versus another is guided by the wound’s location, its initial classification, and often the surgeon’s past experience with similar injuries. The biology of wound healing is similar regardless of the choice of wound closure, but outcome results can be directly influenced, especially in horses, by knowledge of the processes involved.
 
 PHASES OF WOUND HEALING Wound healing is a dynamic process, similar in all adult mammalian species, that is initiated whenever there is a break in tissue integrity. The repair process involves complex interactions between cellular and biochemical events that coordinate healing (Tables 5-3 through 5-5), which are similar whether injury is confined to the skin or extends to deeper structures. Our understanding of what is occurring is continually evolving. This is especially true in the horse. For the sake of simplicity, the healing process has been divided into three phases: (1) the inflammatory or lag phase, which involves hemostasis and acute inflammation; (2) the proliferative phase, during which tissue formation occurs; and (3) the remodeling phase, during which the healing tissue regains strength.4 These three phases overlap
 
 TABLE 5-2.  Wound Closure Classification
 
 Wound Type
 
 Recommendations
 
 Primary closure
 
 Clean or clean-contaminated wound converted to clean wound Clean-contaminated or contaminated wound with questionable tissue viability, edema, skin tension Contaminated or infected wound
 
 Immediate suture closure without tension
 
 Delayed primary closure Secondary closure Second intention healing
 
 Wound tissue unsuitable for closure; large skin defect and/or extensive tissue devitalization
 
 Performed 2-5 days after injury; tissue débridement and wound lavage before closure Performed at least 5 days after injury; granulation tissue and epithelialized skin edges excised at the time of closure Healing by granulation tissue, wound contracture, and epithelialization
 
 TABLE 5-3.  Inflammatory Cells in Tissue Repair Cell Type
 
 Function
 
 Mediators
 
 PMN
 
 Phagocytosis of microbes Macrophage activation Amplify inflammatory response Stimulate repair process Phagocytosis of PMN, damaged tissue, and microbes Amplify repair process Stimulate angiogenesis and fibroplasia Fibrolysis Control vascular permeability Control influx of PMN Regulate tissue remodeling
 
 Reactive oxygen species, cationic peptides, eicosanoids, proteases TNFα, IL-1β, IL-6 VEGF, IL-8 TNFα, IL-1β, IL-6 PDGF, VEGF, bFGF, TGF-α, and TGF-β tPA, uPA (tissue and urokinase-type plasminogen activator) Histamine Chymase, tryptase
 
 Macrophage
 
 Mast cell
 
 bFGF, Basic fibroblast growth factor; IL, interleukin; PDGF, platelet-derived growth factor; PMN, polymorphonuclear; TGF, transforming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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 TABLE 5-4.  Cytokines Involved in Wound Repair Name
 
 Abbreviation
 
 Source
 
 Major Function
 
 Colony-stimulating factor
 
 CSF
 
 Interferon
 
 IFN
 
 Differentiation and maturation of hematopoietic stem cells Proinflammatory; release of other cytokines; inhibit fibrosis
 
 Interleukin
 
 IL
 
 Tumor necrosis factor
 
 TNF
 
 Connective tissue growth factor Epidermal growth factor Transforming growth factor-α Fibroblast growth factor
 
 CTGF
 
 Macrophage, lymphocyte, fibroblast, endothelial cell Monocyte, macrophage, lymphocyte, mesenchymal cell All nucleated cells, in particular macrophage and lymphocyte Macrophage, lymphocyte, mast cell Fibroblast
 
 EGF TGF-α
 
 Platelet, saliva Macrophage, epithelial cell
 
 FGF
 
 Inflammatory cell, fibroblast, endothelial cell
 
 Insulin-like growth factor
 
 IGF
 
 Liver, platelet
 
 Keratinocyte growth factor Platelet-derived growth factor
 
 KGF PDGF
 
 Fibroblast Platelet
 
 Transforming growth factor-β
 
 TGF-β
 
 Platelet, lymphocyte, mast cell, monocyte and macrophage, endothelial cell, epithelial cell, fibroblast
 
 Vascular endothelial growth factor
 
 VEGF
 
 Macrophage, fibroblast, endothelial cell, epithelial cell
 
 Proinflammatory; enhances epithelialization, angiogenesis, and remodeling Proinflammatory; enhances angiogenesis, epithelialization, and remodeling Mediator of TGF-β activity (cell proliferation and ECM accumulation) Epithelialization; chemotactic and mitogenic to fibroblast; protein and MMP synthesis (remodeling); angiogenesis (TGF-α) Chemotactic and mitogenic to fibroblast and epithelial cell; protein synthesis; angiogenesis Chemotactic and mitogenic to epithelial cell; migration of epithelial cell; fibroblast proliferation, protein and GAG synthesis Chemotactic and mitogenic to epithelial cell Chemotactic to inflammatory cell and fibroblast; mitogenic to mesenchymal cell; protein synthesis, contraction? Chemotactic to inflammatory and mesenchymal cell; fibroblast proliferation; protein synthesis; ECM deposition (inhibition of MMP; induction of TIMP); wound contraction Angiogenesis
 
 ECM, Extracellular matrix; GAG, glycosaminoglycan; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase. From Theoret CL: Wound Repair. p.54. In Auer JA, Stick JA (eds): Equine Surgery, 3rd Ed. Saunders Elsevier, St. Louis, 2006.
 
 in time, with numerous interactions occurring at all levels (Figure 5-1). When wounds proceed through these steps in a timely manner and achieve functional and anatomic integrity, they are considered acute wounds. Alternatively they become chronic, which is not an uncommon outcome in horses.5
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 Known also as the lag phase of wound healing, this early response, which involves hemostasis and inflammation, is a very metabolically active period lasting for several days, during which wound healing is jump started. The response is directed at stopping blood loss, protecting against infection, and providing the substrate and cellular signals that will facilitate the subsequent steps in the process of healing.4 Hemostasis is initiated immediately through the contributions of vasoconstriction, platelet aggregation, and fibrin deposition. Reflex vasoconstriction occurs by smooth muscle contraction mediated by release of endothelin and thromboxane A2 from the injured vessels and platelet-derived serotonin. The response is transient, lasting only 5 to 10 minutes, after which vasodilators such as prostacyclin, histamine, and nitric oxide predominate, facilitating diapedesis of cells, fluid, and protein into the
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 Figure 5-1.  Temporal profile of various processes and gain in tensile strength occurring during normal cutaneous wound repair. (From Theoret CL: Wound Repair. p.45. In Auer JA, Stick JA (eds): Equine Surgery, 3rd Ed. Saunders Elsevier, St. Louis, 2006.)
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 TABLE 5-5.  Matrix Metalloproteinases Involved in Wound Repair MMP Name
 
 MMP Number
 
 Substrates
 
 Source
 
 MMP-1 MMP-8 MMP-13
 
 Collagen (I, II, III, VII, IX) Collagen (I, II, III) Collagen (I, II, III)
 
 Epithelial cell, fibroblast PMNs –
 
 MMP-3 MMP-10 MMP-11
 
 PGs, laminin, fibronectin Collagen (III, IV, IX, X) Collagen IV, fibronectin, gelatin, laminin
 
 Epithelial cell Epithelial cell, fibroblast –
 
 Gelatinase A (72 kDa) Gelatinase B (92 kDa)
 
 MMP-2 MMP-9
 
 Gelatin, collagen (I, IV), elastin Gelatin, collagen (IV, V), elastin
 
 Matrilysin
 
 MMP-7
 
 PGs, elastin, fibronectin, laminin, gelatin, collagen IV
 
 Most cells Inflammatory cell, epithelial cell, fibroblast Epithelial cell
 
 COLLAGENASES Interstitial collagenase Neutrophil collagenase Collagenase 3
 
 STROMELYSINS Stromelysin 1 Stromelysin 2 Stromelysin 3
 
 GELATINASES
 
 MEMBRANE-TYPE (MT) MMPS MT1-MMP MT2-MMP MT3-MMP MT4-MMP MT5-MMP
 
 MMP-14 MMP-15 MMP-16 MMP-17 MMP-20
 
 Collagen (I, III), fibronectin Vitronectin, pro-MMPs – – –
 
 Membrane bound – – – –
 
 MMP, Matrix metalloproteinase; PG, proteoglycan; PMN, polymophonuclear granulocyte. From Theoret CL: Wound Repair. p.52. In Auer JA, Stick JA (eds): Equine Surgery,3rd Ed. Saunders Elsevier, St. Louis, 2006.
 
 wound and extracellular space.6-9 Hemostasis is ultimately achieved through compression of vessels by soft tissue swelling and formation of a fibrin-platelet plug within the wound defect. Thrombin, the principal factor in clot formation, is instrumental in this process.10,11 Released by activation of both the intrinsic and extrinsic coagulation pathways, thrombin cleaves fibrinogen into fibrin monomers, which upon polymerization into fibrin fibers interact with plasma fibronectin to stabilize the hemostatic plug that fills the wound site.12-14 This early wound clot is known as provisional wound matrix. If left unbandaged, the surface of the clot dessicates to form a scab, beneath which the provisional matrix will be replaced by granulation tissue during the proliferative phase of healing. Although the clot provides tenuous protection and stability to the wounded area and adjacent skin edges, there is no meaningful return of tissue integrity or breaking strength, hence the descriptive term lag.15 Despite this, blood and fluid loss is halted, and microbial invasion through the open wound is minimized. The activated platelets within this fibrin plug complex direct and amplify the early inflammatory phase of healing through the release of wound repair mediators, most importantly platelet-derived growth factor (PDGF) and transforming growth factor beta (TGF-β), from their storage granules.12,14 As early wound healing progresses, polymorphonuclear cells (PMNs), macrophages, and fibroblasts can bind selectively to the provisional wound matrix through expression of cell surface integrin receptors as they migrate into the wound to initiate immune and synthetic functions.16,17 Leukocyte migration into the wound is activated by exposed collagen, elastin breakdown products, complement factors, and
 
 cytokines. PMNs are the first cell type to enter the wound in large numbers.4 They appear soon after injury, with numbers peaking on about day 2, and decline as debris is cleared from the injured site. The neutrophils have two primary roles: to remove damaged tissue and bacteria, and to release chemoattractants to further augment the early cellular inflammatory response. The principal degradative proteinases released by PMNs to remove damaged tissue include cathepsin G, neutrophil-specific interstitial collagenase, and neutrophil elastase.18 By 24 hours, circulating monocytes begin to enter the wound and differentiate into macrophages.4 Macrophages are regarded as the major inflammatory cells responsible for regulating most of the important molecular signals for wound repair mechanisms through generation and release of oxygen free radicals, inflammatory cytokines, and tissue growth factors.19 Macrophages proliferate in the wound and, similar to neutrophils, remove necrotic tissue as well as bacteria. The proteinases released by macrophages—elastase, collagenase, and plasminogen activator—aid in the débridement. Macrophages may be present for a period lasting from a few days to weeks, depending on wound characteristics. Their synthesis and release of tissue growth factors initiates the proliferative phase of the repair process, including angiogenesis, fibroplasia, and epithelialization. Neutrophil and macrophage apoptosis occurs as the inflammatory phase subsides. Despite the fact that animal models of wound healing have demonstrated that neither neutrophils nor macrophages are essential to wound healing in sterile conditions, in the presence of bacteria, healing is delayed compared to that in animals with available PMNs.2,18-20 In wound healing studies in horses and ponies, their presence has always been noted.
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 Figure 5-2.  Cutaneous wound 3 days after injury. bFGF, Basic fibroblast growth factor; IGF, insulin-like growth factor; KGF, keratinocyte growth factor; PDGF, platelet-derived growth factor; TGF, transforming growth factor; VEGF, vascular endothelial growth factor. (Modified from Singer AJ, Clark RAF: N Engl J Med 341:738-746, 1999.)
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 The proliferative phase of acute tissue repair is active by the third day following injury. It is characterized by angiogenesis, fibrous and granulation tissue formation, collagen deposition, epithelialization, and wound contraction (Figure 5-2).21,22 As in the previous phase of wound healing, steps in the proliferative phase do not occur in series but rather overlap in time.
 
 Fibroblasts begin to arrive by the second day after injury, and by the fourth day they are the major cell type in the wound bed.4,26-28 Recruitment from adjacent tissue, local proliferation, and transformation of undifferentiated local and systemic mesenchymal stem cells into fibroblasts all contribute to the peak in fibroblast numbers at 7 to 14 days after injury.29 Fibroblast migration into the wound and their subsequent proliferation is largely regulated by PDGF, TGF-β and bFGF.11 In the first several days after injury, fibroblasts proliferate and migrate, whereas later they synthesize and reorganize the components, which will eventually replace provisional matrix within the wound site. Fibroblasts synthesize and release collagen; glycosaminoglycans, including hyaluronan (which facilitates cell migration); glycoproteins (fibronectin and laminin); and proteoglycans.30 Simultaneously they also secrete proteases, including MMPs, which digest the fibrin clot so that replacement with the new components can occur.17 Collagen production begins slowly on the second or third day after wounding and reaches peak production within 1 to 3 weeks.4,17 Although wound fibroblasts produce type I collagen, which predominates in unwounded dermis, almost 30% to 40% of the collagen found in the acute wound will be type III. This is reflective of the dense population of blood vessels containing type III collagen, which then comprises granulation tissue. As the wound heals and vascularity is reduced, there is a shift in the balance of the collagen content toward type I.4 In addition to collagen production, fibroblasts within the wound organize the collagen molecules into fibers and then into bundles, which are aligned parallel to the wound surface, usually along lines of maximum tension. The presence of collagen and its arrangement contribute to tissue strength. When
 
 Angiogenesis The wound healing process requires a continuous oxygen and nutrient supply. Decreased oxygen tension, high lactate levels, and low pH within the wound initiate the process of angiogenesis.21 The endothelial cells at the tips of capillaries adjacent to the wounded area are attracted to the area by fibronectin, found within the provisional matrix, and grow in response to cytokines released by platelets and macrophages at a rate of 0.4 to 1.0 mm per day.23 The development of vascular outgrowths requires endothelial cell proliferation that organizes into vessel architecture. Growth factors such as vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF) play central regulatory roles in neovascularization and subsequent tissue repair.24 The tissue in which angiogenesis has occurred is dense in capillary loops, resulting in the characteristic granular red appearance of granulation tissue.23 When macrophages and other growth factor–producing cells are no longer in a hypoxic, lactic acid–filled environment, their production of angiogenic factors stops.25 Thus when tissue is adequately perfused, migration and proliferation of endothelial cells is reduced through the action of matrix metalloproteinases (MMPs). Eventually blood vessels that are no longer needed undergo endothelial cell apoptosis.18
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 the wound defect is filled and homeostasis of collagen production and collagen degradation is achieved, macrophage and fibroblast numbers are reduced by apoptosis, and tissue maturation and remodeling begin.31,32 Epithelialization The slow process of reepithelialization, to restore the barrier function of skin, starts immediately after wounding.33 Suprabasal keratinocytes residing above the basement membrane of the epidermis and lining hair follicles and the sweat and sebaceous glands facilitate the repair.34 Reepithelialization initially begins with the migration of these existing cells, but within a few days keratinocyte proliferation at the wound margins contributes to the number of available cells.4,35 The location, and therefore the number of the keratinocytes available, depends on the type of injury. There is rapid reepithelialization in superficial injuries, such as an abrasion, as the basement membrane and epidermal appendage populations of keratinocytes remain available across the entire wounded area to participate in the repair. In contrast, in full-thickness wounds there is no residual epithelium, or epidermal appendages, from which keratinocytes can be recruited. In wounds of similar surface area, it is this last type of injury that requires the longest duration to heal, because reepithelialization can only occur through centripetal movement of the keratinocytes from the wound margins.7,36 Participating keratinocytes undergo phenotypic changes in response to a loss of contact inhibition and exposure to cellular products, including nitric oxide, which enable them to migrate and to phagocytize debris in their way.37 The interaction between keratinocytes and fibroblasts is quite important. Keratinocytes stimulate fibroblasts to synthesize and release growth factors and cytokines, which in turn stimulate keratinocyte proliferation.38 Upon detaching from neighboring cells they develop pseudopods that contain actin filaments.36,39 During migration, integrins on the pseudopods attach to the extracellular matrix (ECM), and the actin filaments enable the pseudopod to pull the cell along.39 Keratinocyte migration, however, requires healthy tissue over which to migrate.36 Migration is impaired by fibrin, by inflammatory products, and by the presence of exuberant granulation tissue.40,41 In surgical incisions, the tissue is healthy and the wound surface area following suture apposition is small, which enables epithelialization to occur within days.7 In open traumatic injuries, however, there is a delay in epithelialization, because the necrotic tissue must first be eliminated and then a bed of healthy granulation tissue must be developed. Keratinocytes synthesize and release collagenases, proteases (MMPs), and plasminogen activator to clear a path across the wound surface.33,36,42,43 Thus the time of onset of migration is variable, and new epidermis is often not apparent at the wound edges until 4 to 5 days following wounding. In most instances, because they must dissolve any scab that forms, keratinocyte migration is best enhanced by a moist environment, because the drier the environment, the thicker the eschar.35,44,45 Keratinocytes continue centripetal migration across the wound bed until cells from either side meet in the middle, at which point contact inhibition causes them to stop migrating, assume their normal phenotype, and begin the process of reestablishing the strata found in normal skin.18,46,47 The new epidermis differs from that found in uninjured skin; it lacks rete pegs, which anchor it into the underlying connective tissue matrix; and in full-thickness wounds it lacks a dermal layer,
 
 without which there is a loss in tissue strength and elasticity.4,48 There is no regeneration of lost epidermal appendages such as sweat glands and hair follicles. The fragile nature of the resultant epithelium makes the process of healing by epithelialization alone without the contribution of wound contraction less than ideal.4 Time until complete reepithelialization occurs depends on the wound surface area and, in horses, on the location of the wound. Contraction Contraction usually begins in full-thickness wounds in the second week following injury, once the wound is heavily populated by fibroblasts, and can continue for several weeks.4 The process is beneficial because it reduces the surface area of the original wound by 40% to 80%.49 The centripetal movement of the adjacent uninjured dermis and epidermis over a fullthickness wound minimizes the area that requires epithelialization. In areas with loose skin, rates of contraction can be as high as 0.75 mm per day.50 The differentiation of fibroblasts into myofibroblasts is considered by most investigators to be necessary for contraction to occur.31,51 The primary inducer of fibroblast-to-myofibroblast differentiation appears to be TGF-β1 released from macrophages and keratinocytes.52,53 Fibroblast density and mechanical tension on fibroblasts within the ECM can also impart transition.14,54-56 The acquisition of an alpha smooth muscle actin microfilament system signifies the change from the fibroblast to myofibroblast phenotype.57 Although not completely understood, myofibroblasts form specialized connections between themselves and molecules, including collagen and fibronectin, within the ECM at the wound’s edges.47 When the actin filaments within the myofibroblast contract, force is transmitted through these connections to the edges, causing wound con traction.35,58,59 Fibroblasts lay down collagen to reinforce the contracted wound.60 Contraction usually does not occur symmetrically, rather, most wounds have an “axis of contraction,” which allows greater organization and alignment of cells with collagen.61 The process slows and ceases when either the wound edges meet, tension within the surrounding skin becomes equal to or greater than that generated by the contracting myofibroblasts, or when the number of myofibroblasts within the wound bed become low. At the conclusion of contraction, myofibroblasts either disappear by apoptosis or revert back to a fibroblastic phenotype.61
 
 Remodeling and Maturation Phase Remodeling and maturation of the extracellular matrix found in granulation tissue represents the final phase of wound healing. It is a phase that begins during the second week of repair and ends in the formation of scar tissue 1 to 2 years later, which remains 15% to 20% weaker than the original tissue (Figure 5-3).18 The processes occurring during this phase begin with the replacement of the hyaluronan content within the provisional matrix by proteoglycans in the extracellular matrix. This gradually stops fibroblast proliferation and migration.62 The cellular content within the ECM slowly decreases as cytokine and growth factor signals decline and the collagen content increases. Angiogenesis decreases and wound metabolic activity slows. The collagen deposited during the period of fibroplasia is oriented randomly, providing minimal tissue
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 Figure 5-3.  Changes in wound strength during the phases of wound repair. Note that the time axis is not to scale. (From Bassert JM: McCurnin’s Clinical Textbook for Veterinary Technicians. 7th Ed. Saunders, Philadelphia, 2010.)
 
 strength. During remodeling, collagen synthesis continues, but because of simultaneous lysis there is no net gain in content. MMPs (collagenase, stromelysins, and gelatinases), which are derived from macrophages, epithelial cells, endothelial cells, and fibroblasts within the ECM, are responsible for the degradation of collagen within the wound. Collagen fibers, which were once haphazardly arranged, are reestablished in bundles, cross-linked, and aligned along lines of tension by fibroblasts to progressively increase the tensile strength. There is a gradual gain in tissue strength from 20% of that of normal tissue at 3 weeks, to 50% within 3 months, and 70% to 80% of the strength of original tissue at the conclusion of maturation.63 These phases of acute wound healing normally progress with efficiency to stop blood loss, reestablish an immune barrier, and replace lost tissue. Yet of the six possible reported outcomes for acute wounds in humans, five are undesirable: dehiscence, herniation, wound infection, delayed healing, and keloid formation. Although the latter is rare in horses, it can easily be replaced with the problem of excessive or exuberant formation of granulation tissue.64 In a retrospective study of traumatic wounds involving both ponies and horses, of the 217 wounds in horses and 41 wounds in ponies closed by primary intention, 74% of those in horses and 59% of those in ponies dehisced.5 Uncomplicated healing in a timely manner is not always a given. Several factors are known to complicate the process.
 
 WOUND HEALING DIFFERENCES IN THE HORSE Wound healing in horses can be distinguished from that in other animals by several unique characteristics, including marked differences within the equine species, variations in the rate of healing based on body location, and a great propensity for the development of exuberant granulation tissue during the healing process.
 
 The ability of ponies to heal more rapidly than horses was first reported in 1985 and confirmed later in a large retrospective study and a series of experiments.5,65-69 These found both primary and second intention wound healing in ponies to proceed more rapidly than that of horses. In the experimental studies, 2 × 3.5 cm full-thickness wounds created on the metatarsus and buttocks of horses and ponies and allowed to heal by second intention yielded a quicker and more intense inflammatory response in ponies than in horses. Leukocytes produced higher levels of reactive oxygen species, interleukin-1, tumor necrosis factor, chemoattractants, and TGF-β1, likely explaining why ponies’ wounds are more resistant to infection and why wound contraction is greater than in horses. In ponies, unlike horses, within 2 weeks after wounding, myofibroblasts were found organized and oriented parallel to the wound surface for optimal wound contraction.68 Metatarsal bone involvement resulted in a greater periosteal reaction and new bone formation in horses than in ponies, leading to prolonged enlargement of their limbs.66 In all five experimental ponies, body and limb wounds healed within 7 to 9 weeks, whereas only two body wounds in the five horses had healed by the conclusion of the 12-week study.66 Not surprisingly, outcome in clinical cases involving traumatic wounds undergoing primary closure was also found to be better in ponies than in horses. Wounds dehisced less frequently in ponies, and ponies developed fewer bone sequestra despite receiving, in many instances, less optimal treatment than their larger counterparts.5 Based on the results of the experimental studies, the less intense but more chronic inflammatory response, which occurs in horses likely increases their risk for wound infection and for the development of exuberant granulation tissue, both of which can explain the clinical findings and, in general, their tendency for delayed wound healing. Although there is no definitive explanation for why these differences exist between horses and ponies, it is speculated that during domestication of the horse, humans took on the role of wound care provider, which decreased natural selection for efficient healing.41 Pony breeds were spared because they were less popular and therefore subjected to less intensive breed selection. Lastly, horses incurring wounds precluding them from performing are often retired and kept as breeding stock, which would also contribute over time to the genetic selection for poor wound healing. Regardless of the reason, in patients with similar injuries, a better prognostic outcome should be associated with ponies over horses.41
 
 Distal Limb Wounds In horses, delayed healing of wounds on limbs compared to those involving the upper body has been recognized for many years.40,70 Experimental, full-thickness, excisional wounds of the metacarpus or metatarsus allowed to heal by second intention have repeatedly been shown to heal more slowly than those of equal size created on the upper body.40,66 Current knowledge indicates that this occurs because of differences in the rate of epithelialization and the rate of contraction, both of which are adversely influenced by excessive motion, infection, and the development of exuberant granulation tissue.66 The latter is a result of an inefficient inflammatory response (in horses), an imbalance in collagen homeostasis, a shift towards a profibrotic
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 environment, microvascular occlusion, and inappropriate cell apoptosis.71 For the process of epithelialization to proceed in a timely manner, keratinocytes require healthy granulation tissue on which to migrate. This is impaired by chronic inflammation, as is the process of wound contraction.41
 
 Wound Expansion Acute wounds in horses, regardless of their location, expand in size in the first 1 to 2 weeks because of the tensional forces of the adjacent tissues. Expansion can be significant. This contributes to the duration of healing.65,72 In 2.5 × 2.5 cm full-thickness limb wounds, wound areas expanded 1.4 to 1.8 times the original size during the first 2 weeks.73 This is then followed by progressive contraction of the granulation tissue bed, once it is formed, and a visible decrease in the wounded area, provided the process is undisturbed. In second intention healing, contraction is desirable; coverage of the wound site with fullthickness skin containing epidermal appendages is more cosmetic and durable than coverage by epithelium alone. Contraction rates of 58% to 76% for 2.5-cm2 full-thickness lesions created on the metacarpal and metatarsal areas were reported.74,75 With published rates of reepithelialization as slow as 0.09 mm/ day for small experimental distal leg wounds, it is not surprising that traumatic clinical wounds require a prolonged period for healing.76
 
 Effect of Motion The shape of the wound does not influence the rate of contraction, but location does.77 Wounds on the body contract more efficiently (0.8 to 1 mm/day) than those located on the legs (0.2 mm/day).76 In addition, wounds in ponies contract more rapidly than those in horses.66 Unlike wounds of the upper body, leg wounds commonly involve areas of high motion and high tension, or tissues that are poorly vascularized.72 Wounds located over or adjacent to a joint, over tendons, or in opposition to the lines of skin tension contract more slowly or cease contraction before complete epithelialization, delaying wound healing.40,65 Full-thickness 4 × 3 cm wounds created over the dorsum of the fetlock took significantly more time to heal compared to wounds of identical size over the metatarsus.65
 
 Exposed Bone The process is further delayed if bone is exposed, whether it is extensive, as with degloving injuries, or it involves a much smaller area. Exposed bone, devoid of periosteum, develops granulation tissue slowly because of the poor vascularity present.78 Ironically however, development of granulation tissue occurs more rapidly in horses than in ponies.66 In the interim, dessication of the bone’s surface may lead to formation of a sequestrum, further delaying granulation tissue development and ultimately contraction and epithelialization.78
 
 Infection Infection also contributes to delays in wound healing and is the primary reason for wound dehiscence.20 In contaminated traumatic wounds, those located on the limb are at a greater risk of infection than those of the upper body, because soil and fecal contamination are more likely in distal wounds. Soil
 
 components have been shown to reduce white blood cell effectiveness, decrease humoral defenses, and neutralize antibodies, thereby significantly reducing the number of bacteria needed to overburden the host’s immune system. It has been reported that contamination with as few as 100 microorganisms in the presence of soil can result in infection.79 As mentioned earlier, horses are unable to mount a rapid, intense inflammatory response after wounding, which facilitates the establishment of bacteria.68 Regional differences in the number of tissue macrophages have been documented, less in the leg than in the neck, which may also affect the adequacy of the immune response and difference in healing rates.68 Considering these findings and that feces may harbor up to 1011 bacteria per gram, it is not surprising that infection is often more problematic in the limb than body.80 Use of systemic, regional, or topical antimicrobial therapy, or a combination of these three, is often warranted.
 
 Development of Exuberant Granulation Tissue Prolonged Inflammatory Phase The development of exuberant granulation tissue can be considered both a cause and a result of delayed healing in traumatic wounds that are allowed to heal by second intention. Characterized by an abundance of capillaries surrounded by collagen, exuberant granulation tissue, or proud flesh, is a common development in wounds involving the limbs of horses managed by second-intention healing. The production of excess granulation tissue can be traced back to the horse’s inefficient protracted inflammatory phase, which leads to an excessive proliferative phase in which fibroblasts retain their synthetic role rather than differentiate into myofibroblasts or disappear.81 Although the influx of PMNs in horses was much slower than that seen in ponies, PMN numbers remained higher in horses than in ponies for a longer period of time, resulting in chronic inflammation.68 It is hypothesized that the imbalance of the mediators released by PMNs, including TNF-α (tumor necrosis factor alpha), interleukin 1 and 6 (IL-1, IL-6), PDGF, TGF-β, and bFGF, contributes to a profibrotic state leading to the formation of exuberant granulation tissue.41 TGF-β1 enhances migration and proliferation of fibroblasts and subsequent collagen production. It also delays fibroblast apoptosis.82,83 In experimental limb wounds, its presence persists beyond the initial inflammatory phase, which is significantly different than in thoracic wounds.84-86 Simultaneously, there is a downregulation of the MMPs required for collagen turnover and, in leg wounds compared to those of the thorax, an increase in tissue inhibitor of metalloproteinase (TIMP).86 TIMP inhibits the activity of MMP-1. Granulation tissue becomes excessive, which contributes to wound expansion, delays contraction, and inhibits epithelialization (Figure 5-4).60,66 Microvascular Occlusion Other mechanisms leading to exuberant granulation tissue also appear to be important. Microvascular occlusion of the small capillaries within granulation tissue has been documented (and found to be three times more likely to occur in limb wounds than in thoracic wounds).81 The resultant local hypoxia signals upregulation of angiogenic and profibroblastic signals. Hypoxia stimulates the synthesis of TGF-β1, which in addition to its
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 granulation tissue and has been reported to be “detrimental to the goal of healing.”75 This has led to recommendations to eliminate its use when possible.75,87 Bandaging contributes to local hypoxia, which stimulates angiogenesis, and to the accumulation of exudates on the dressing against the wound surface, which provide a constant source of inflammatory mediators. However, bandaging in clinical cases is often unavoidable and may be beneficial if used during an appropriate time frame. Bandaging can reduce environmental contamination, protect vital structures, provide mechanical stabilization, and reduce edema. Several studies have examined the effects of bandaging and dressing types.73,75,88,89 Although a moist wound environment is desirable in most species for optimum healing, this has not been found to be uniformly true in horses.74,75 Wound dressing development in human health care is a multibillion dollar industry resulting in an abundant number of dressings that equine veterinarians can use. General guidelines are to use occlusive dressings in clean, acute wounds until a healthy bed of granulation tissue develops, then switch to a semiocclusive dressing. In dirty or infected wounds, adherent, hydrophilic, or antimicrobial dressings should be used until healthy granulation tissue develops. The use of a semiocclusive dressing should then follow (for more information on the management of wounds see Chapters 26 and 27).90
 
 A
 
 Management of Granulation Tissue
 
 B Figure 5-4.  A, Traumatic wound over the dorsomedial aspect of the hind fetlock of several months duration. Chronic inflammation and movement has led to development of exuberant granulation tissue and fissures within the granulation bed. Wound contraction and epithelialization is delayed. B, Excessive granulation tissue has been excised to below the level of the adjacent skin edges to allow contraction and epithelialization to proceed. Removal of the excess granulation tissue also removed the fissures, which decreases the accumulation of exudates and bacteria that can lead to chronic inflammation and the development of exuberant granulation tissue.
 
 antiapoptotic effect on fibroblasts, is an inhibitor of keratinocytes.81 Keratinocyte migration is further delayed when the height of the granulation tissue exceeds that of the adjacent skin edges. In the absence of migrating keratinocytes, signaling for apoptosis of fibroblasts is delayed, thus perpetuating the development of granulation tissue.25 Hence exuberant granulation tissue can be both the cause and the result of delayed wound healing. Bandaging Interestingly, bandaging of limb wounds in horses and ponies has long been associated with development of excessive
 
 Control of exuberant granulation tissue should be aimed at minimizing inflammation once healthy granulation tissue fills the wound site. Excessive granulation tissue can be managed by excising it when it protrudes above the wound margins.87 When this method is employed as needed, no delay in healing occurs regardless of bandaging.75,91 For wounds that need to be bandaged beyond the initial development of the granulation bed, but in which excision of granulation tissue is undesirable, use of either topical corticosteroids or a nonadherent silicone dressing (CicaCare, Smith-Nephew Canada Inc, St-Laurent, QC, Canada) have been shown to be successful at eliminating development of exuberant granulation tissue.92,93 Equine amnion applied as a dressing is another option. It has been shown in some but not all studies to decrease development of granulation tissue and to accelerate epithelialization.74,88 Methods for collection and storage of amnion have been reported.88 Proponents recommend applying amnion after a healthy granulation bed has developed.90 Skin grafting and delayed closure techniques are strongly recommended in all large granulating wounds to reduce their area and associated inflammation to eliminate the problem of exuberant granulation tissue (see Chapter 25).94
 
 GENERAL FACTORS THAT INFLUENCE WOUND HEALING To further optimize wound healing in the horse, it is important to acknowledge not only the differences unique to the species but also to appreciate other general factors and management techniques that are known to influence wound healing. Many of the factors cannot be manipulated to the benefit of healing, such as the type of injury incurred or the nutritional status of the patient at the time of injury, but they should remain thought-provoking when determining a treatment plan for a given patient.
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 Age Although advancing patient age is known to influence the rate of healing in humans and in many experimental animal models, this has not been investigated in horses.95,96 In humans as well as companion animals, with increasing age many comorbid conditions are encountered, including diabetes, chronic renal insufficiency, cardiac insufficiency, and acute or chronic liver disease, that are known to affect healing. These, however, with the exception of Cushing’s disease, are generally not age-related problems common to horses.97 In horses with pars intermedia dysfunction, high endogenous cortisol levels may delay wound healing through suppression of the inflammatory phase and increase the risk of wound infection because of immunosuppression.97
 
 Nutritional Status Tissue repair is an anabolic process, and data suggest that healing may be improved with diets containing adequate protein.98,99 Malnutrition preceding surgery or at the time of trauma can greatly influence outcome. In animal studies, protein deficiency directly delayed the rate of wound healing through the suppression of fibroblast proliferation, angiogenesis, collagen synthesis, and remodeling.100 In a large study involving war veterans, low preoperative serum albumin level was identified as the most significant variable for predicting surgical complications, including wound infection and acute wound failure.101 Although comparable studies do not exist for the horse, it seems reasonable to expect similar results. Vitamins and micronutrients are also known to affect healing when either deficient or in excess.4,102 Vitamin A is essential for normal cell differentiation, and deficiencies can result in impaired collagen synthesis and cross-linking and in delays in epithelialization.103 Vitamin C and the B vitamins (thiamine, pyridoxine, and riboflavin) are important cofactors in collagen cross-linking reactions, whereas vitamin E stabilizes cell membranes. Iron not only is necessary for red blood cell production but also is required as a cofactor in collagen synthesis. Zinc is a cofactor in many enzymatic reactions including DNA and protein synthesis. All of these mechanisms are necessary steps in the healing process.
 
 Type of Injury Injuries can be classified into one of seven types based on cause (see Table 5-1). The greater the force of impact, the greater the soft tissue damage will be, and the greater the risk of subsequent wound infection.104,105 Of the seven types, those with the least risk of developing infection are caused by sharp objects (e.g., an incision, a laceration caused by a nail). Contusion and crush injuries, which often include vessel thrombosis, are those most prone to infection. Puncture wounds, although seemingly innocuous, often develop infection because the puncture tract heals at the surface before the deeper soft tissues, thereby creating an ideal environment for bacterial growth. Horses with these latter types of injuries are also most prone to developing tetanus. In general, infection prolongs wound healing, decreases wound tensile strength, and is the most common reason for wound dehiscence.20,106
 
 Tissue Perfusion Wound healing depends on adequate arterial circulation to supply tissue with oxygen. The surgical practice of débriding
 
 wounds until bleeding tissue is reached is supported by clinical and experimental findings that “healing progresses more quickly in optimally perfused tissues.”4 In human patients, transcutaneous oxygen tension (TcPO2) and tissue oxygen levels are good indicators of ischemia and can be used to predict healing.107,108 Repair processes, including fibroblast replication, collagen production, and epithelialization, are impaired when TcPO2 is less than 40 mm Hg; with tensions less than 10 mm Hg, tissues die.21 Anemia has less of an impact on wound healing, provided blood flow to the wound is maintained and the patient is able to increase cardiac output. Even profound hemodilution does not appear to interfere with wound healing.109 However, shock and hypotension, even if brief, can negatively impact wound healing.4 Tissue oxygen tensions can be improved provided arterial circulation is intact by increasing the fraction of inspired oxygen and by increasing the pressure at which oxygen is delivered, as with hyperbaric oxygen therapy (HBOT). However, if arterial circulation to the wound is interrupted, the two management actions proposed earlier will not improve oxygen tension within the wound.110 Use of HBOT has shown benefits in human surgery and in many skin graft animal models, but no advantage over nontreated horses was found in experimental acute skin grafting studies.111,112 Horses receiving HBOT had diminished neovascularization, which affected graft take. Angiogenesis and the delivery of oxygen remain necessary steps in the process of wound healing.
 
 Hemostasis and Hematoma Formation Seromas and hematomas impede wound healing by mechanically distracting the wound edges, by reducing capillary perfusion secondary to exertion of pressure, and by increasing the risk of infection.4 The incidence of acute hematoma formation can be influenced by surgical technique (Halsted’s principles—see Chapter 12). A surgical plan that minimizes undermining of tissue edges and includes techniques that minimize dead space should be pursued. Drains should be placed in areas that are at risk of fluid accumulation and removed when nonproductive.113 Electrocautery should be used judiciously because excessive use can delay wound healing.114 Within the last 10 years, vacuum-assisted wound closure (see Figure 17-8) has become commonplace in human medicine. The technique applies negative pressure to the wound and removes accumulated fluid. It has been shown to promote wound healing in part by decreasing the duration of wound drainage and by reducing hematoma development.115 Its use for treatment of deep cervical wounds in a horse has been reported.116 The procedure was tolerated well and resulted in the horse returning to light work within 4 weeks. Other benefits attributed to vacuum-assisted wound closure include improved wound perfusion and decreases in wound infection rates.115 In select cases, incorporation of vacuum-assisted wound closure may be advantageous.
 
 Débridement Early wound débridement affects wound healing positively. The goal is to reduce bacterial numbers, foreign debris, and the necrotic tissue that would otherwise need to be removed during the cellular inflammatory phase. Repeated débridement benefits chronic and indolent wounds. Fibroblasts within these wounds become senescent. Surgical removal can initiate the healing
 
 process by resulting in platelet accumulation, thereby re-initiating the wound-healing process.4 Débridement can be performed surgically using a scalpel, CO2 laser, or hydrosurgical unit or nonsurgically with dressings, topical compounds, or maggots.104 Surgical débridement has the advantage of being quick but can be imprecise and painful. Serial or staged sharp débridement over a period of several days can reduce the uncertainty by allowing time for wounded tissues to clearly demarcate themselves as either healthy or not. Nonsurgical débridement can be divided into mechanical, chemical (enzymatic and nonenzymatic), and autolytic methods, all of which are slower than sharp dissection but in general are tissue sparing and less painful. Wet-to-dry dressings mechanically débride the surface of the wound when removed without re-wetting. This method is efficient at removing fibrin but can also remove newly formed epithelial cells if use is continued too long. Mechanical débridement can also be achieved using wound irrigation. For maximum benefit, fluid should be delivered at an oblique angle to the tissue surface and at a pressure of 7 to 15 pounds per square inch.104,117,118 A 35-mL syringe combined with a 19-gauge needle is a simple tool that meets these guidelines, although other methods may also be employed.104 There are also battery-operated handheld pulsed irrigation units with a variety of irrigation tips (e.g., Interpulse, Stryker Corporation, Kalamazoo, MI) that are convenient to use. Autolytic débridement is achieved by placing an occlusive dressing over the wound, trapping the body’s own proteases within the wound to liquefy necrotic tissue. Granulex spray, meat tenderizers containing papain and bromelain, and papain/ureabased proteinase are examples of chemical débridement agents. Granulex, which contains trypsin, peruvian balsam, and castor oil, is the product more commonly used in veterinary medicine. It is reported to hydrolyze a variety of proteins, increase perfusion, and possibly promote epithelialization.119 Collagenasecontaining products digest collagen and elastin but do not degrade fibrin.4 The papain/urea combination degrades fibrin and denatures collagen and skin.4 Their use therefore is not appropriate for all wounds. Traditional gauze dressings hydrated in saline were found to be 47% more effective in removing fibrin in blood clots from horses than enzymatic formulations.120 A unique method of débridement is to use sterile maggots from the common green bottle fly Lucilia sericata. Maggots produce potent proteolytic enzymes and can consume up to 75 mg of necrotic tissue per day.121-123 In addition, they are capable of destroying bacteria.123 Maggots can be applied to the wound in either a direct (free range) or indirect (contained) manner. Successful outcomes have been associated with their use in penetrating hoof wounds of the horse (see Chapters 26 and 27 for more information on wound dressings).124
 
 Wound Closure Technique The appropriate size and type of suture for a given wound site should be selected. The goal should be to select a suture that is similar in strength to the tissue in which it is to be used.125 Appropriate selection limits the foreign body effect that each suture possesses, and therefore the risk of infection.126,127 Suture placement should be directed at minimizing excessive tension at skin edges. Blood flow to the skin edge is inversely proportional to the wound closure tension.128 Suture tension, which
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 increases the interstitial pressure within the center of the incision above capillary pressure (30 to 40 mm Hg), can lead to tissue necrosis. Study results examining the effects of suture tension on incision strength over time favored loosely apposed skin edges.129 In most tissue locations simple interrupted sutures are preferred if excessive tension is present and there is a potential of impaired wound healing.130
 
 Topical Therapy A plethora of topical products available to horse owners and veterinarians claim to improve wound healing. Unfortunately some are beneficial and some are not. Treatment choice can affect outcome. Selection should be based on sound information regarding the effects of the product selected and the phase of wound healing. Use of commercially available soaps, such as Ivory or Dove, should be avoided in favor of wound cleansers with neutral pH.131 Low pH, such as that occurring with products containing benzethonium chloride, is associated with cell toxicity. Tap water can be safely used initially during cleaning to reduce bacterial load, but it should be replaced with an isotonic fluid once a granulation tissue bed has developed to avoid cellular swelling and destruction.119,132-135 Fluids should be warmed to approximately 30° C to prevent vasoconstriction, which may cause further tissue ischemia.136 Antiseptics, such as chlorhexidine diacetate and povidone-iodine (10%), should be diluted appropriately when added to lavage solutions. Chlorhexidine solutions (2%) diluted to 0.05% (25 mL/975 mL solution) or less is recommended.137 Concentrations higher than this are cytotoxic to both tissue and bacteria.138 If povidoneiodine is used, it should be diluted to a concentration of 0.1% to 0.2% (10 to 20 mL/L).139-141 Concentrations greater than this have been shown to be toxic to canine fibroblasts, lymphocytes, and monocytes and to inhibit neutrophil migration. Concentration of the antiseptic ointments and gels should also be kept in mind when used topically. Povidone-iodine ointment (10%) had deleterious effects on wound healing in human patients, but in a study in horses, no delay was encountered.75,142 Lastly, hydrogen peroxide is cytotoxic to fibroblasts and its routine use cannot be recommended.143 When selecting a topical antibiotic for use, knowledge of its antimicrobial spectrum and the potential complications should be considered before choosing. Triple antibiotic ointment (bacitracin, polymixin B, and neomycin) and silver sulfadiazine (SSD) have broad spectrums of activity, but silver sulfadiazine, unlike triple antibiotic, is effective against Pseudomonas spp. and fungi. Both have been reported to increase epithelialization but both may decrease wound contraction.119 When used in combination with a bandage, investigators found SSD cream increased development of exuberant granulation tissue.75 Gentamicin sulfate has a narrow spectrum of activity, primarily against gram-negative organisms. The 0.1% oil-in-water cream is reported to slow wound contraction and epithelialization.141,144 The use of nitrofurazone ointment, despite its broad spectrum of antimicrobial activity, has several drawbacks.145 It has been shown to decrease epithelialization and to delay wound contraction. It also possesses carcinogenic properties.119 Topical application of individual growth factors has had generally disappointing results during attempts to accelerate wound healing in horses. Recombinant TGF-β1 was selected to stimulate granulation tissue development and enhance wound
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 contraction in a second-intention wound healing model in horses. No benefit was found over untreated wounds.146 Platelet-rich plasma (PRP) on the other hand has shown promise. Platelets are rich in TGF-β, PDGF, epidermal growth factor (EGF), transforming growth factor-α (TGF-α), VEGF, serotonin, and histamine. They also secrete fibrin, fibronectin, and vitronectin, which act as provisional matrix and provide a surface for epithelial migration. This characteristic of platelets may explain the positive advantage of PRP over that of topical use of individual cytokines.147,148 In PRP, platelet numbers are increased over that of whole blood, increasing TGF-β1 concentration nearly threefold.149 In rabbits, the application of PRP to the full-thickness skin wounds improved overall healing in full-thickness wounds by reducing contraction, stimulating angiogenesis, and producing a trend toward more rapid epithelialization.148 PRP has been used for the treatment of a variety of equine musculoskeletal pathologies and was reported to induce accelerated epithelial differentiation and wellorganized collagen bundles in healing skin wounds.147 In a larger study, no improvement was found in the quality or speed of wound healing in the treatment of experimental acute 6.25 cm2 wounds in horse limbs.149 The authors of this latter study speculate that PRP use may be more appropriate for larger or more chronic wounds. Harvesting autologous PRP is quick and relatively inexpensive and its use may be warranted in many cases.94 Various other wound products are also available. Many have little but anecdotal support for their use. Application of products containing lye, gentian violet, or pine tar can lead to further damage of wounded tissues and are not recommended.119 Other products can be beneficial when used during the appropriate wound phase. Ketanserin-containing products (Vulketan gel, Jannsen Animal Health, Toronto, Canada) block serotonininduced macrophage suppression and vasoconstriction and can be used during the inflammatory phase to promote a strong inflammatory response.150 Acemannan, the active ingredient of aloe vera, stimulates macrophages to release fibrogenic and angiogenic cytokines. Its use can be beneficial during the inflammatory phase and early period of fibroplasia and will accelerate the development of granulation tissue over exposed bone.143,151 Once a granulation bed has developed, its use should be discontinued. In the later phases of wound healing, the use of topical corticosteroids may be warranted to limit fibroblast and endothelial cell proliferation.93,152 Lanolin cream may be useful to increase the rate of epithelialization.153 Identifying the phase of wound healing and understanding the product being used is important to facilitate rather than impede the process of wound healing.
 
 Pharmaceuticals Many drugs are known to impair wound healing. Chemotherapeutic drugs, which target rapidly dividing cells, comprise the largest group. Based on information from human medicine, risks for wound complications are greatest when drugs are given preoperatively, although drug, dose, and frequency also matter.154 Data in horses receiving biweekly local treatment of cisplatin (1 mg/cm3) during the perioperative period did not reveal any adverse affect on wound healing. Rate of epithelialization was similar to that reported in other wound-healing studies, although some primarily sutured wounds developed partial dehiscence.155
 
 Local Anesthetics Local anesthetic agents are commonly used to facilitate wound cleansing, débridement, and suture repair in standing equine patients. The use of 2% mepivacaine or lidocaine is most common. Studies in animal wound healing models report conflicting results on the impact that surgical wound infiltration of local anesthetics have on healing. In a rat model, use of 2% lidocaine was found to reduce wound breaking strength and to impair healing of acute wounds.156,157 In another study, 1% lidocaine had no effect on wound breaking strength at 8 days after wounding.158 In a recent study, wounds treated with local infiltration of lidocaine (0.5% or 1%) or bupivacaine (0.25% or 0.5%) healed at similar rates to control wounds when wound areas and extent of reepithelialization were compared. Neutrophil numbers increased in a dose-dependent manner.159 However, a trend was seen by the third day for reduced collagen levels and an increase in MMP-2 (collagenase).159 Based on the available literature, it seems reasonable whenever possible to avoid local infiltration of anesthetic in areas where wound breaking strength is important, even when diluted. Because of its vasoconstrictive effects, adding epinephrine to local anesthetics should also be avoided. Anti-Inflammatory Drugs Anti-inflammatory drugs, in general, inhibit the normal inflammatory response to wounding. Systemic and local use of glucocorticoids have global effects: decreased fibroblast proliferation, protein synthesis, and wound contraction; inhibition of keratinocyte growth factor (KGF) production; and reduced angiogenesis.160-162 Single-dose administration of a therapeutic dose at the time of surgery likely has no untoward effect, but frequent administration or high concentrations can lead to impairment. Chronic behavioral stress has also been shown to suppress inflammatory gene expression during early wound healing, resulting in delayed healing.163 Administration of nonsteroidal anti-inflammatory drugs (NSAIDs), through repression of cyclooxygenase (COX) activity, has been implicated in several studies to adversely affect migration and degranulation of neutrophils, angiogensis, infection rate, and healing.162-168 In ponies, flunixin meglumine administration delayed linea alba repair.169 The decision to use an NSAID during wound healing should be made on a case-by-case basis and tailored according to the phase of wound healing. If possible, NSAIDs should be avoided during the inflammatory phase because the influx of inflammatory cells and mediators are important for efficient healing. This, however, must be balanced with the need to control pain and minimize tissue swelling, which may further contribute to tissue ischemia.
 
 Malignancy Neoplastic transformation should be ruled out in all chronic nonhealing wounds. Squamous cell carcinoma and equine sarcoid can be similar in appearance to granulation tissue. Both are known to occur at previous wound sites.170
 
 SUMMARY Wound healing is a dynamic process involving complex interactions between cellular and biochemical events that coordinate healing. In the horse it is important to support an initial strong
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 inflammatory response and to prevent chronic inflammation for optimum results. Hippocrates stated, “Healing is a matter of time, but it is sometimes also a matter of opportunity.”171 Although wound healing is a physiologic process, our actions can directly influence it, positively or adversely. Understanding the basics of wound healing can lead to improved patient outcome.
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 Metabolism and Nutritional Support of the Surgical Patient Elizabeth A. Carr
 
 Tremendous advances in the care and treatment of the critically ill equine patient have occurred during the last two decades. Survival rates from colic surgery have increased, and large animal intensive care units are found in most, if not all, major university hospitals and referral practices across the United States and most of Europe. Critical to this success is presurgical evaluation and patient triage. The physical examination data as well as laboratory and diagnostic information are carefully collected and analyzed to determine the severity of the disease process. Any underlying abnormalities and any metabolic derangements that may affect the outcome negatively are carefully determined. Patients may receive fluids, anti-inflammatories, colloids, oxygen insufflation, and other medications before anesthesia to ensure that a hemodynamically and metabolically stable patient is taken to the induction stall. The surgical technique is designed to minimize trauma, resolve the underlying problem, and keep postoperative complications at a minimum. After recovery, the patient usually continues a regimen of intravenous fluids to maintain hydration and other therapeutics that minimize or prevent postoperative complications, including ileus, pain, and infection, and maximize the chance of recovery. Despite this proactive approach to treatment and support of adult equine patients, rarely is their nutritional status considered in the initial therapeutic plan. Preoperative and postoperative nutritional status and support are clearly linked to morbidity and mortality in humans.1,2 Malnutrition has been shown to reduce survival, immune function, wound healing, and gastrointestinal function, and it probably negatively affects numerous other processes.2-6 This chapter will discuss the metabolic consequences of food deprivation, the pathologic metabolic responses to illness, nutritional requirements in health and disease, and the indications for and types of nutritional supplementation.
 
 INDICATIONS FOR NUTRITIONAL SUPPORT The need for interventional nutritional support depends on a number of factors. The healthy adult horse that is undergoing elective surgery and has a body condition score of 4 or 5 (out of 9) rarely requires nutritional supplementation (Box 6-1). These individuals can easily tolerate food deprivation for 48 hours. The majority of healthy adult horses undergoing elective surgery have food withheld for 6 to 12 hours preoperatively, and it is reintroduced after recovery when the animal is deemed capable of eating and swallowing effectively. During this period of starvation, energy demands are met by glycogen reserves, with little effect on overall metabolism. Regardless of the type and complexity of the surgical procedure, nutritional support should be considered in patients with an increased metabolic rate (e.g., young growing animals), individuals presenting with a prior history of malnutrition or hypophagia, patients with underlying metabolic abnormalities 62
 
 that could worsen with food deprivation, and individuals with disorders such as severe trauma, sepsis, or strangulating bowel obstruction that result in an increased energy demand. Underweight horses require nutritional support earlier. Obese or overconditioned individuals, particularly pony breeds,
 
 Box 6-1.  Body Condition Score 1. Poor: Animal extremely emaciated. Spinous processes, ribs, tailhead, hooks, and pins projecting prominently. Bone structure of withers, shoulders, and neck easily noticeable. No fatty tissue can be felt. 2. Very thin: Animal emaciated. Slight fat covering over base of spinous processes, transverse processes of lumbar vertebrae feel rounded. Spinous processes, ribs, tailhead, hooks, and pins prominent. Withers, shoulders, and neck structures faintly discernible. 3. Thin: Fat buildup about halfway on spinous processes, transverse processes cannot be felt. Slight fat cover over ribs. Spinous processes and ribs easily discernible. Tailhead prominent, but individual vertebrae cannot be visually identified. Hook bones appear rounded but easily discernible. Pin bones not distinguishable. Withers, shoulder, and neck accentuated. 4. Moderately thin: Negative crease along back. Faint outline of ribs discernible. Tailhead prominence depends on conformation; fat can be felt around it. Hook bones not discernible. Withers, shoulders, and neck not obviously thin. 5. Moderate: Back level. Ribs cannot be visually distinguished but can be easily felt. Fat around tailhead beginning to feel spongy. Withers appear rounded over spinous processes. Shoulders and neck blend smoothly into body. 6. Moderate to fleshy: May have slight crease down back. Fat over ribs feels spongy. Fat around tailhead feels soft. Fat beginning to be deposited along the sides of withers, behind the shoulders, and along the sides of the neck. 7. Fleshy: May have crease down back. Individual ribs can be felt, noticeable filling of fat between ribs. Fat around tailhead is soft. Fat deposited along withers, behind shoulders, and along the neck. 8. Fat: Crease down back. Difficult to feel ribs. Fat around tailhead very soft. Area along withers filled with fat. Area behind shoulder filled in flush. Noticeable thickening of neck. Fat deposited along inner buttocks. 9. Extremely fat: Obvious crease down back. Patch fat appearing over ribs. Bulging fat around tailhead along withers, behind shoulders, and along neck. Fat along inner buttocks may rub together. Flank filled in flush. Scoring is based on visual appraisal and handling (particularly in scoring horses with long hair).
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 miniature horses, and donkeys, as well as lactating mares are at risk for developing hyperlipemia and should receive nutritional support if their serum triglycerides are higher than normal values. Older horses, or individuals diagnosed with equine Cushing’s syndrome or equine metabolic syndrome, are insulin resistant and at greater risk for developing hyperlipemia and fatty infiltration of the liver. If food deprivation is prolonged or there is a concern regarding the individual’s desire or ability to eat, early intervention is indicated to prevent more severe malnutrition.
 
 PURE PROTEIN/CALORIE MALNUTRITION The average, healthy adult horse can easily tolerate food deprivation (pure protein/calorie malnutrition [PPCM] or simple starvation) for 24 to 72 hours with little systemic effect. A decline in blood glucose concentration occurs with food deprivation, insulin levels fall, and energy demands are initially met via glycogenolysis, which increases the breakdown of liver glycogen stores. As starvation progresses, glycogen is mobilized within other tissues, including muscle. Lipid mobilization is triggered by alterations in insulin or glucagon levels and the activity of hormone-sensitive lipase. As glucose becomes limited, many body tissues begin to rely on fatty acid oxidation and the production of ketone bodies as energy sources. Glycerol produced from lipid degradation, lactate from the Krebs cycle, and amino acids from muscle tissue breakdown continue to be used for gluconeogenesis to provide energy to glucose-dependent tissues (central nervous system and red blood cells). This response to starvation correlates with an increase in circulating levels of growth hormone, glucagon, epinephrine, leptin, and cortisol and a decrease in insulin and thyroid hormones. These hormone fluxes are an afferent stimulus for the hypothalamic response to starvation, which increases the drive to eat and decreases energy expenditure. Metabolism slows in an effort to conserve body fuels, and the body survives primarily on fat stores, sparing lean tissue. Individuals with preexisting PPCM are at a disadvantage when intake is restricted because of surgery or illness. In the malnourished or cachectic human patient, presurgical nutritional supplementation has been shown to positively influence both survival and morbidity. Early nutritional supplementation should be strongly considered in animals presenting with preexisting PPCM.
 
 METABOLIC RESPONSE TO INJURY The metabolic response to injury (e.g., surgical manipulation, critical illness, sepsis, trauma), unlike the response to PPCM, is characterized by an increased metabolism and the onset of a catabolic process leading to excessive breakdown of tissue proteins. This metabolic state results from a complex interaction of inflammatory cytokines (interleukin [IL]-1, IL-2, IL-6, tumor necrosis factor [TNF]-α, and γ-interferon; see Chapters 1 and 2) released at the site of injury or inflammation, circulating hormones released in response to stress and injury (hypothalamic-pituitary-adrenal axis), and neurotransmitters (sympathoadrenal axis).7 Infusion of cytokines including IL-6 and TNF-α results in stimulation of corticotrophin, cortisol, epinephrine, and glucagon, leading to an increase in the resting metabolic rate and lipolysis.8,9 TNF-α activation of nuclear factor kappa B (NFκB) results in stimulation of
 
 63
 
 proteolytic pathways.10 In response to injury, there is an increased metabolic activity of the brain. Afferent nerve activity and brain stimulation may cause autonomic nerve stimulation with direct effects on hormone secretion; for example, splanchnic nerve stimulation caused by injury increases glucagon secretion and hyperglycemia.11 Afferent nerve activity from the injured site also results in hypothalamic-pituitary activation, increasing activity of cortisol, catecholamines, growth hormone, aldosterone, and antidiuretic hormone.7 In fact, in humans, prolonged infusions of glucagon, cortisol, and epinephrine increase protein breakdown and elevate resting metabolic rate.12 Prolonged elevation of cortisol is associated with onset of insulin resistance. In addition, peripheral nerve endings have been shown to exist on adipocytes, and the stimulation of adipocytes increases lipolysis. During illness or after trauma, food intake frequently falls. However, despite this decline, the adaptive responses to starvation do not occur. Hepatic gluconeogenesis continues and rapid protein catabolism develops. There is an increased mobilization of stored fuels and metabolic cycling, resulting in heat production and energy loss. Insulin resistance develops and hyperglycemia may occur despite the absence of food intake. In severe metabolic stress, the body appears to preferentially use skeletal muscle as a metabolic fuel (as opposed to the situation in PPCM, when fat metabolism is the principal source of energy). The adaptive switch to fat use is limited, in part because of increased levels of circulating insulin. The result is an increase in lean tissue breakdown, visceral organ dysfunction, impaired wound healing, and immunosuppression.7,13 Nitrogen losses during this catabolic response may be as high as 20 to 30 g/day versus 4 to 5 g/day in an adult human experiencing PPCM. Excess protein breakdown and muscle disuse because of inactivity cause muscle weakness and increased morbidity. Because sodium and water retention are a component of this response, weight loss frequently goes unnoticed. Cytokine production results in behavioral changes, including anorexia and decreased activity. Food deprivation during this hypermetabolic and catabolic state causes a much greater loss of lean muscle mass and visceral protein than would be expected during simple starvation. A healthy human allowed access to water can survive approximately 3 months with food deprivation or PPCM. In contrast, the same individual with a critical illness would survive approximately 1 month, and those with preexisting malnutrition, less than 2 weeks. Although nutritional supplementation will reverse the catabolic processes occurring during simple starvation, it will not completely reverse those occurring during metabolic stress. As long as tissue injury persists, catabolic processes are maintained. In the critically ill patient, protein catabolism continues despite protein supplementation in the diet. However, nutritional supplementation does have benefits in minimizing the severity of protein loss, providing both essential and conditionally essential amino acids, vitamins, and minerals, and in decreasing morbidity associated with illness. Although the metabolic response to surgical injury is not likely to be as severe as that expected with sepsis, severe trauma, or other critical illnesses, an increase in metabolic rate is seen postoperatively in humans undergoing simple elective surgery. The combination of an increased energy demand and the metabolic processes already discussed can cause significant loss of lean body mass. These changes may not affect survival, but they can inhibit the return to performance of a competitive
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 athlete. In equine patients with severe surgical trauma, prolonged recoveries, or complications such as infection and laminitis, food deprivation almost certainly affects overall recovery.
 
 DE (Mcal/day) = DE m + (0.04 × BW × 0.792) • After 3 months of lactation • For 300- to 900-kg mares, DE (Mcal/kg) = DE m + (0.02 × BW × 0.792)
 
 METABOLIC REQUIREMENTS The total energy of a feedstuff is divided into the digestible energy (DE) and the nondisgestible energy. Digestible energy is further divided into metabolic energy (which is used to provide energy) and lost or nonmetabolizable energy, such as gases produced and urea excreted in the urine. By convention, energy requirements are calculated in terms of digestible energy.
 
 Adults The amount of DE needed to meet the maintenance energy requirements (DEm) of the normally active, nonworking horse can be estimated using the following formulas: • For horses weighing less than 600 kg, DE m (Mcal/day) = 1.4 + (BW × 0.03) • For horses weighing greater than 600 kg, DE m (Mcal/day) = 1.82 + (BW × 0.0383) − (BW × 0.000015) where BW is body weight in kilograms, and 1 Mcal equals 1000 kcal. Alternatively, these requirements can be estimated to be approximately 33 kcal/kg/day. The resting energy requirement (DEr) is the amount of energy required for maintenance (neither weight gain nor weight loss) of the completely inactive animal and is determined using a metabolism stall in a thermoneutral environment. The result is approximately 70% of the maintenance energy, and it can be calculated using the following formula: DE r (Mcal/day) = (BW × 0.021) + 0.975 The maintenance energy requirements of a horse can be affected by several factors, including its age, size, and physical condition; the amount and type of activity; and environmental factors. Even when all these factors are controlled, individual variation occurs. Increased Energy Demand Energy requirements in the pregnant mare do not significantly increase until late gestation and are estimated to be 1.1, 1.13, and 1.2 times the DEm, respectively, in the last 3 months of gestation. During lactation, energy demands peak over the first 3 months and then decline toward weaning. They can be calculated using the following equations: • In the first 3 months of lactation • For 300- to 900-kg mares, DE (Mcal/day) = DE m + (0.03 × BW × 0.792) • For 200- to 299-kg mares,
 
 • For 200- to 299-kg mares, DE (Mcal/day) = DE m + (0.03 × BW × 0.792) The energy and protein requirements for the hospitalized surgical patient are not known and probably vary depending on disease state, environment, and level of fitness of the individual. However, they are likely to be close to the resting or maintenance energy requirements. In humans, multipliers have been used to estimate the energy requirements in certain conditions, including severe sepsis, trauma, and burn injuries. However, the increased metabolic demands of illness or surgical trauma and recovery are likely to be balanced by the inactivity of the patient during hospitalization. Consequently, these multipliers may overestimate the caloric requirement of certain illnesses. The exceptions to this are individuals with extreme trauma, burns, or severe sepsis; surgical conditions that require intestinal resection; and patients with large areas of devitalized tissue (e.g., patients with clostridial myositis undergoing multiple fasciotomies). When estimating the energy requirements of the majority of surgical patients, resting energy requirements are an acceptable target. If the patient tolerates nutritional supplementation at this rate, the amount can be gradually increased to meet maintenance needs.
 
 Foals and Weanlings Foals and young horses that are growing have the highest energy demands. Mare’s milk has been reported to provide between 500 and 600  kcal of energy per liter. A healthy 1-weekold neonatal foal drinks between 20% and 30% of its body weight in milk a day, which means that a 45-kg foal drinking 9 to 13.5 L of mare’s milk consumes between 4500  kcal (4.5 Mcal) and 7800  kcal per day. This equates to a metabolic rate of between 100 and 173  kcal/kg/day. The resting metabolic rate in the healthy sedated foal has been calculated to be between 45 and 50  kcal/kg/day. As previously discussed, it is unclear whether a sick individual truly has a higher metabolic rate than a healthy individual. A recumbent sick foal is expending significantly less energy than its healthy counterpart in terms of activity level, but disease and its effect on metabolic rate and catabolism must be considered. As with adults, it is probably best to start nutritional supplementation at approximately the DEr, particularly if starting with the enteral route. If supplementation is tolerated, it is recommended that this be gradually increased toward growth requirements over a shorter time than might be used to increase the adult animal’s caloric intake. If using mare’s milk or a milk replacement of similar caloric content, DEr would equate to feeding the equivalent of 10% of the foal’s body weight per day. Clinical experience suggests that this would be sufficient in the initial 12 to 24 hours, but additional nutritional support would be required to ensure adequate intake for healing and growth. The largest growth rate occurs during the first month of life.14 The following formula can be used to estimate and adjust the
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 energy requirement, in Mcal DE per day, for growth of weanlings and young growing horses: DE m + {[4.81 + (1.17 × M) − (0.023 × M 2 )] × ADG} where M is months of age, ADG is average daily weight gain in kilograms, and BW is body weight. More comprehensive reviews related to the metabolic needs of active and young growing horses are available for readers who need them.15-17
 
 PROTEIN REQUIREMENTS Protein intake must be adequate not only for energy requirements but also to ensure that protein catabolism is minimized. Maintenance requirements for crude protein (CP) in the adult horse can be estimated using the following equation: CP (in grams) = 40 × DE m (in Mcal/day) For example, a 500-kg horse with a DEm of 16.5 Mcal/day would require 660 g of protein per day. Alternatively, protein requirements can be estimated as 0.5 to 1.5 g protein per kilogram of the horse’s body weight per day, or 250 to 750 g/ day for a 500-kg horse. The middle to higher end of this estimate should be used when calculating protein needs in a sick patient.
 
 VITAMIN REQUIREMENTS Vitamins are organic compounds that are important in many enzymatic functions and metabolic pathways. Fat-soluble vitamins include vitamins A, K, D, and E. Water-soluble vitamins include the B vitamins and vitamin C. Vitamin K and all the B vitamins with the exception of niacin are synthesized by the microbial population in the horse’s large colon and cecum. Vitamin D, vitamin C, and niacin are produced by the horse, whereas the precursors to vitamin A, β-carotene, and vitamin E must be ingested. The need for supplemental vitamins and minerals depends on the type and duration of supplementation. Fat-soluble vitamins are stored in body tissues and generally do not require supplementation for short periods of anorexia. Complete pelleted diets have vitamins and minerals added to meet the requirements set by the National Research Council. When feeding a component diet or a parenteral diet, vitamin and mineral supplementation is necessary to ensure adequate intake.
 
 ASSESSMENT OF NUTRITIONAL SUPPORT Body weight should be measured daily to determine if nutritional support is adequate to maintain body weight. The most accurate method is to use a walk-on floor scale. A weight tape is a useful alternative when a scale is not available. Weight tapes are used to measure the girth just behind the elbow; the circumference correlates with pounds or kilograms. Weight tapes are relatively accurate in predicting the weight of small horses (less than 350 kg) and large ponies (350 to 450 kg). Weight tapes have been shown to be less accurate in estimating weight in heavy stock breeds and Thoroughbred horses.18 However, in the hospital setting, their value lies in determining the overall trend of body weight, not the actual number.
 
 65
 
 Body condition scores are used to subjectively determine the animal’s body fat stores and are useful to evaluate the long-term nutritional status of the animal (see Box 6-1). Body condition scores are less useful than a scale for determining smaller weight gains and losses in a hospital situation, but they are more accurate for predicting fat stores. Diet and hydration status can alter body weight by as much as 5% to 10%. For example, a 500-kg horse that presents with colic may be 7% dehydrated at admission. Rehydration of this animal would result in a weight increase of 35 kg. At the time of exploratory celiotomy, the large colon may be emptied to facilitate correction of a surgical lesion. The large colon and cecum can hold between 75 and 90 L of ingesta; removal of a portion of the contents could result in a weight loss of 50 kg or more. Consequently, weight changes need to be considered in light of hydration status, feed intake, and any procedures that have occurred. In an ideal situation an animal should be weighed postoperatively after rehydration to try to remove variables that can affect weight assessment.
 
 ENTERAL NUTRITION In the critically ill patient with poor perfusion and decreased oxygen delivery to the tissues, the gastrointestinal tract is frequently the most vulnerable organ. Decreased oxygen delivery has been shown to increase mucosal permeability, resulting in increased translocation of bacteria and absorption of bacterial toxins.19,20 Inflammatory mediators, produced in the gut as a result of ischemia, are absorbed across the damaged mucosa and enter the portal and systemic circulations; this absorption has been implicated in the onset of septic shock or multiorgan failure.21 Enteral nutrition increases total hepatosplanchnic blood flow in healthy patients, resulting in greater oxygen delivery to the mucosa. In a rat model of Escherichia coli sepsis, enteral feeding of glucose improved intestinal perfusion rates.22 Enteral nutrition maintains functional and structural integrity of the gut; the absence of enteral nutrition causes mucosal atrophy, increased gut permeability, and enzymatic dysfunction in critically ill human patients.23 Enteral nutrition is a trophic stimulus for the gastrointestinal tract both directly via the presence of nutrients and indirectly via stimulation of trophic hormones such as enteroglucagon. Early enteral nutrition (EEN) refers to the initiation of enteral feeding within 48 hours after surgery. In a large clinical study of surgical and trauma patients, EEN significantly decreased morbidity and length of stay when compared with delayed enteral nutrition and parenteral nutrition.21 Enteral nutrition has a protective effect against bacterial translocation across the ischemic intestinal wall. In addition, EEN has been shown to blunt the hypermetabolic and catabolic responses to injury in several human and animal models.2 During the hypermetabolic, catabolic state seen with injury or illness, many amino acids, such as glutamine, become conditionally essential. Glutamine is an important fuel for lymphocytes, hepatocytes, and mucosal cells of the gut. During catabolism, glutamine levels may become insufficient to meet these energy demands. The addition of glutamine to both enteral and parenteral diets may improve gastrointestinal function and mucosal cell healing.24 Although the decision to supply supplemental nutrition may be clear, the route of supplementation must be considered in light of the original insult, surgical manipulations, and postoperative status of the patient. The enteral route is always preferred
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 when the gastrointestinal tract can be used. Patients with extensive bowel ischemia, intestinal resection, and anastomosis or postoperative ileus may not be the best candidates for EEN. However, concerns about the strength and diameter of anastomotic sites after surgical resection and about the risk of leakage if enteral feeding is introduced prematurely are not valid. Enterally fed dogs had higher bursting pressures at colonic anastomotic sites and better wound collagen synthesis than unfed controls.25 Because horses are commonly fed high-fiber diets, the risk of obstruction at the anastomotic site is a valid concern; consequently, when enteral feeding is to be instituted, the type of diet should be carefully considered. Patients with a high risk of postoperative ileus or with a narrow anastomotic site may be better off if they are initially fed parenterally and gradually reintroduced to enteral nutrition. Alternatively, a liquid enteral diet may be instituted until healing is sufficient to allow introduction of roughage. Types of enteral nutrition can vary from normal feedstuffs (i.e., grains, hay, and complete pelleted diets), to slurry diets composed primarily of normal feedstuffs (Table 6-1), and liquid diets containing component requirements (Table 6-2). In horses with decreased appetite or complete anorexia, the choices are limited to those diets that can be administered through a nasogastric tube. Complete pelleted diets offer several advantages: they are relatively inexpensive, they are well balanced for the maintenance requirements of the adult horse, and they contain fiber. Fiber is beneficial in increasing colonic blood flow, enzymatic activity, colonic mucosal cell growth, and absorption.26 The major disadvantage of pelleted diets is the difficulty of administering them via nasogastric intubation. Both human and equine liquid formulations are available and have been used as enteral nutrition support in horses.27-30 Alternatively, diets prepared using specific components have been described.31 Corn oil may be added to the diet to increase the caloric content. The use of human products for the full-size horse can be very expensive, and these products have been associated with diarrhea. Liquid diets may be given via continuous flow through a small nasogastric tube, or larger meals may be given by periodic intubation. When using pelleted diets,
 
 TABLE 6-1.  Nutritional Contents of Selected Horse Feeds Component Crude Protein Fat Fiber Kcal/kg feed
 
 Equine Senior
 
 Strategy
 
 Purina Horse Chow
 
 14% 4% 16% 2695
 
 14% 6% 8% 3300
 
 10% 2% 30% 454
 
 TABLE 6-2.  Nutritional Content of Selected Liquid Diets Component
 
 Vital HN
 
 Osmolite
 
 Critical Care Meals/Packet
 
 Cal/L Protein Fat Carbohydrate
 
 1000 41.7 g/dL 10.8 g/dL 185 g/L
 
 1008 40 g/dL 34 g/dL 135.6 g/L
 
 1066 12% 1% 73%
 
 approximately 1 kg of a pelleted complete feed is soaked in approximately 4 L of water. Once the feed is dissolved, an additional 2 L of water is added and the slurry is administered via a large-bore nasogastric tube. Slurry diets made from complete pelleted feeds will not pass through a nasogastric tube using gravity alone and must be pumped in with a marine supply bilge pump. If a bilge pump is not available or a large-bore tube cannot be passed, pulverizing the pellets before adding water may improve flow. The horse should be checked for the presence of gastric reflux before administration, and the slurry should be pumped slowly with attention paid to the horse’s attitude and reaction. The stomach volume of an adult, 450-kg horse is approximately 9 to 12 L, and a feeding should not exceed 6 to 8 L. This volume should be adjusted for smaller horses. Long-term placement of nasogastric tubes is not without the risk of complications.32 Small-bore, softer (polyurethane) tubes are recommended if intubation is prolonged, but these generally preclude the use of slurry diets. Alternatively, intermittent placement of a nasogastric tube is effective in decreasing complications, but this can be difficult and at times traumatic for the patient. When instituting enteral feeding, particularly in a patient with prolonged anorexia, it is best to start gradually, increasing the amount fed over several days. The recommended regimen is to feed a maximum of 50% of the calculated requirements during the first 24 hours. If the patient tolerates the supplementation, it can be increased over the next few days until full supplementation is achieved. Rapid changes in intake, particularly with component feeding or high-fat diets, may be associated with colic or diarrhea.
 
 PARENTERAL NUTRITION Parenteral nutrition (PN) is used to supply nutrition when the enteral route is unavailable. Parenteral nutrition can provide partial nutritional support (PPN) or total nutritional support (TPN). In the adult horse, it is most commonly used to supply partial nutrition when oral intake is insufficient or inappropriate. Horses with proximal enteritis, colitis, postoperative ileus, esophageal lacerations, or obstructions can receive nutritional support until resolution of the underlying problem allows reinstitution of enteral feeding. Recumbent or dysphagic animals at risk for aspiration pneumonia, individuals with preexisting protein calorie malnutrition or increased energy demands (late gestation, early lactation, and young, growing animals), and those with decreased feed consumption should also be considered as candidates for PPN or TPN. Depending on the desired goals and duration of supplementation, solutions containing various amounts of carbohydrates, amino acids, lipids, vitamins, electrolytes, and minerals may be formulated. Carbohydrates are commonly provided with 50% dextrose solutions (2525 mOsm/L) that contain 1.7 Kcal/mL. Isotonic lipid emulsions contain principally safflower and soybean oils, egg yolk phospholipids, and glycerin and come in 10% and 20% solutions. Amino acid preparations are available in several concentrations; 8.5% and 10% solutions are most commonly used in veterinary medicine. Solutions containing both essential and conditionally essential amino acids are preferable. Although not always ideal, providing calories with dextrose infusions alone is a simple and inexpensive method to supply limited nutritional support to a postsurgical patient for a brief
 
 
 
 CHAPTER 6  Metabolism and Nutritional Support of the Surgical Patient 
 
 period (2 days) before transitioning to oral nutrition or more complex parenteral nutrition. Intravenous dextrose has been shown to help reverse serum hypertryglyceridemia and more severe hyperlipemia, and therefore it may be useful in preventing these metabolic derangements in postsurgical patients.33,34 Dextrose is less calorie dense than lipids and provides no amino acids for protein production; therefore it cannot be recommended as a long-term solution for nutritional support. Hyperglycemia can occur, particularly when attempting to provide a large percentage of energy requirements (as an example, 50% of resting energy levels) to a patient. Accordingly, blood glucose should be monitored during dextrose therapy. Components that may be added to parenteral nutrition include electrolyte solutions and vitamin and mineral supplements. Multivitamin supplements for humans are available and may be added directly to PN solutions. Some vitamins can be given orally (vitamins C and E) or added to crystalloid solutions (B vitamins). Fat-soluble vitamins are stored in body tissues and rarely need to be supplemented unless prolonged periods (weeks) of anorexia occur. Macrominerals, if required, are best supplemented in separate crystalloid solutions, because divalent cations may destabilize lipid emulsions. Although sick animals require trace minerals, such supplementation is rarely given except to patients receiving parenteral nutrition as their sole nutritional source for prolonged periods (greater than 7 days). Resting energy requirements should be used when calculating PN volumes for adult animals, but protein requirements should be based on maintenance needs (see Box 6-1) or estimated using the following formula (as described under “Protein Requirements,” earlier): 0.5 to 1.5 g protein per kilogram BW per day The higher end of this formula is recommended for sick, compromised patients. The ratio of nonprotein calories to nitrogen should be at least 100 : 1 in the final solution. We often use lipids to provide approximately 30% to 40% of the nonprotein calories if possible, although many clinicians prefer to use solutions containing amino acids and dextrose but not lipids in the formulation. The addition of lipids to PN is beneficial in patients with persistent hyperglycemia or hypercapnia, because this reduces the dependency on glucose as the principal energy source. The amount of fat use will depend on the amount of carbohydrate provided, with fat storage occurring in the presence of excess carbohydrate calories. PN formulas should be prepared in a laminar flow hood using aseptic techniques. Lipids should be added last to prevent destabilization of the emulsion in acidic dextrose solutions. Parenteral solutions are an excellent medium for growth of bacteria and should be used within 24 hours of preparation. Before use, they should be kept in a dark, cool area to minimize degradation and loss of vitamins. Because these solutions are hyperosmolar, delivery through a central venous catheter is recommended. Ideally, a separate catheter or portal is designated for PN only. Catheter placement and line maintenance should be performed using strict aseptic technique, and all lines should be changed daily. I generally place a 14-gauge double-lumen catheter (Arrow catheter) and designate one port for PN. Gradual introduction of PN is recommended to decrease risk of complications. Initial infusion rates should provide approximately 25% to 50% of the calculated requirement during the
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 first 24 hours. If tolerated, the rate of infusion can gradually be increased over the next few days to provide 100% of the calculated requirement. Complications of PN include hyperglycemia, hyperammonemia, hyperlipemia, elevation of serum urea nitrogen, thrombophlebitis, and sepsis.13,35-38 Lipid infusions have been associated with allergic reactions, hyperlipemia, alterations in liver function, and fat embolism. Insulin resistance seen with systemic inflammatory response syndrome can result in hyperglycemia and rebound hypoglycemia when rates are altered too rapidly. Although solutions containing lipids are very useful in providing additional calories, their use should be determined on a case-by-case basis. Lipids should be avoided in patients with a predisposition to or a preexisting hyperlipemia or an underlying liver dysfunction. Thrombocytopenia, fat embolization, coagulopathies, and alterations in cellular immunity are reported with lipid infusions. Triglyceride levels and platelet counts should be monitored regularly when lipids are added to PN solutions. Monitoring should include daily assessment of serum electrolytes, blood urea nitrogen, triglycerides, and ammonia and liver function during the acclimation period. Blood glucose should be monitored every 4 to 6 hours and the rate adjusted to maintain blood glucose within the established normal range. If costs are a concern, blood values may be monitored less frequently once a steady state has been achieved.
 
 Box 6-2.  Sample Calculations for Feed Supplementation • Daily nutritional requirements of a 450-kg horse: DEr = (450 kg × 0.021 Mcal/kg) + 0.975 = 10.4 Mcal DEm = (450 kg × 0.03 Mcal/kg) + 1.4 = 14.9 Mcal Crude protein requirement = 40 g/Mcal × 14.9 Mcal = 596 g protein Alternatively, 0.5 to 1.5 g protein/kg × 450 kg = 225 to 675 g protein
 
 ENTERAL FORMULATION
 
 Equine Senior (horse feed) = 2695 kcal/kg Corn oil = 1.6 Mcal/cup • To meet daily DEr requirements: 10.4 Mcal/2.7 Mcal/kg = 3.8 kg Equine Senior • Daily protein requirements (maintenance): 12% protein = 120 g/kg feed 3.8 kg × 120 g = 456 g crude protein • To meet daily DEm requirements: 4.9 kg Equine Senior (2.7 Mcal/kg × 5.0 kg) = 13.3 Mcal plus 1 cup corn oil = 1.6 Mcal = 14.9 Mcal 4.9 kg × 120 g protein/kg = 588 g protein
 
 PARENTERAL FORMULATION
 
 1 L of 50% dextrose = 1.7 Mcal 1.5 L of 10% amino acids = 0. 57 Mcal and 150 g of protein 0.5 L of 20% lipids = 1.0 Mcal Total = 3.27 Mcal/3 L or 1.09 Mcal/L DEr = 10.4 Mcal/day 10.4 Mcal/day ÷ 1.09 Mcal/L = 10 L/24 hours = 416 mL/hour 500 g protein/day Ratio of nonprotein calories to nitrogen = 117 : 1 DEm, Maintenance energy requirement for active horse; DEr, resting energy requirement.
 
 The same approach should be used when discontinuing PN. The infusion rate should be gradually decreased over at least 24 hours. Frequent monitoring of blood glucose during withdrawal is warranted because of the risk of transient hypoglycemia. For examples on how to calculate PN requirements, see Box 6-2.
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 Surgical Site Infection and the Use of Antimicrobials Benjamin J. Ahern and Dean W. Richardson
 
 Probably the single most important advance in surgery throughout history was the understanding and application of aseptic technique. Before the 1840s, Semmelweis in Austria and Holmes in the United States independently demonstrated that the simple act of hand washing before seeing each patient could
 
 dramatically reduce morbidity and mortality in obstetrical wards.1 When Pasteur more fully developed the germ theory of disease, these practices were validated, but application in surgery was slow to develop. Surgery was a last resort, for good reason, because the consequences of hospitalization and surgery were
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 virtually always worse than the disease itself. The first champion of primitive aseptic technique was Sir Joseph Lister in the late 1860s.2 He used carbolic acid (phenol) as an antiseptic and made history when he made a surgical incision to repair a fractured patella and was able to achieve healing of the wound without infection. These early surgical discoveries are common pillars of modern surgical technique. Despite the earlier and more modern continued advances in preventing and managing surgical site infections (SSIs) in the equine patient, it remains a significant problem. The importance of SSIs cannot be overestimated; in humans 77% of deaths among patients with SSIs were directly attributable to the SSI.3 Similarly, equine orthopedic patients with a SSI were 7.25 times less likely to survive to discharge from hospital than patients without an SSI.4
 
 SURGICAL SITE INFECTION CLASSIFICATION The identification of SSIs involves the combined interpretation of clinical and laboratory findings. To ensure uniformity in the reporting of SSI, it is essential that standardized classification systems be used. Variation in the definition of what constitutes
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 an SSI results in marked variation in reported rates and results in confusing and potentially misleading information.5,6 The Centers for Disease Control and Prevention (CDC) has developed standardized surveillance criteria for defining SSIs that were redefined in 1999.3 There are three different types of SSI defined by the CDC: superficial incisional, deep incisional, and organ/space (Table 7-1). An alternative system that has been more commonly used in veterinary medicine is based on the National Research Council’s wound classification and is based on the extent of operative contamination (Table 7-2). This system has four classification levels—clean, clean-contaminated, contaminated, and dirty—as the degree of contamination increases.
 
 INFECTION AND SOURCES OF MICROORGANISMS The goal of aseptic technique is the elimination of all infectioncausing organisms from the surgical environment. Although this is not actually possible, it is important that surgeons proactively pursue the objective of preventing SSIs. To achieve this goal, knowledge of the common sources and types of bacteria
 
 TABLE 7-1.  Classification of Surgical Site Infections Surgical Site Infection
 
 Qualifications
 
 Includes at Least One of the Following
 
 Superficial incisional
 
 Within 30 days after operation Involves only skin or subcutaneous tissue of the incision
 
 Deep incisional
 
 Within 30 days after operation if no implant Within 1 year if implant is in place and infection appears to be related to the operation and involves deep soft tissues (fascial and muscle layers)
 
 Organ/space
 
 Within 30 days after operation if no implant Within 1 yr if implant is in place and infection appears to be related to the operation and involves any part of the anatomy (organs and spaces) other than the incision, which was opened or manipulated during an operation
 
 Purulent drainage from the superficial incision Organisms isolated from aseptically obtained culture of fluid or tissue from the superficial incision At least one of the following signs or symptoms of infection: pain or tenderness, localized swelling, redness, or heat and superficial incision is deliberately opened by surgeon, unless incision is culture negative Diagnosis of superficial incisional infection by surgeon or attending clinician Purulent drainage from the deep incision but not from the organ/space of the surgical site Deep incision spontaneously dehisces or is deliberately opened by surgeon when patient has one of the following symptoms: fever, localized pain, or tenderness, unless site is culture negative An abscess or other evidence of infection involving the deep incision is found on direct examination, during reoperation, or by histopathologic or radiologic examination Diagnosis of a deep incisional SSI by a surgeon or attending clinician Purulent drainage from a drain that is placed through a stab wound into the organ/space Organisms isolated from aseptically obtained culture of fluid or tissue in the organ/space An abscess or other evidence of infection involving the organ/space that is found on direct examination, during reoperation, or by histopathologic or radiologic examination Diagnosis of an organ/space SSI by a surgeon or attending clinician
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 TABLE 7-2.  Classification of Surgical Wounds Classification
 
 Criteria
 
 Clean
 
 Elective, primarily closed, and undrained Nontraumatic, uninfected No break in technique No inflammation encountered Respiratory, alimentary, genitourinary tracts not entered Gastrointestinal or respiratory tracts entered without significant spillage Oropharynx entered Vagina entered Genitourinary tract entered in absence of infected urine Minor break in technique Major break in technique Gross spillage from gastrointestinal tract Traumatic wound, fresh (4 hr) after trauma
 
 Clean-contaminated
 
 Contaminated
 
 Dirty
 
 for any given surgery is essential. There are four basic sources of bacteria in any surgical procedure: the air, the patient, the surgeon, and the surgical instrumentation used. The relative importance of each of these sources obviously varies greatly according to the surgical environment. For example, a surgery performed in a horse’s stall will have a greater likelihood of infection from the air compared to that in a hospital operating suite. Thus, attention must be focused as is appropriate for the surgical situation. Airborne bacteria and debris should be controlled by locating the operating room in a low-traffic location of the hospital and by minimizing the number and activity of personnel. Published guidelines in 2003 from the CDC and the Healthcare Infection Control Practices Advisory Committee (HICPAC) may not be readily achievable in an equine hospital but can serve as guides. It recommends maintaining positive air pressure in the operating room, filtering greater than 90% of the air, exchanging air 15 times per hour, and ensuring that air is introduced from the ceiling and exhausted at the floor. It does not recommend the use of ultraviolet light to reduce SSIs.7 Preparation of the horse when possible should include basic grooming to minimize overall contaminants. Hair is not directly
 
 associated with an increased risk of SSIs, but it is harder to clean and may make aseptic preparation of the surgical site more difficult.8,9 Hair removal did not affect the number of colonyforming units (CFUs) postscrub over the midcarpal or distal interphalangeal region.10 If the hair is removed, shaving is associated with an increased risk of SSI compared to clipping, especially if performed earlier than immediately before surgery.9 This increased risk of SSI has been attributed to microscopic cuts in the skin that later serve as foci for bacterial multiplication.3 A No. 40 blade is commonly used to clip horses. Preparation of the patient’s skin can be performed using a variety of agents, the most common of which are iodophors, alcoholcontaining products, and chlorhexidine gluconate (see Chapter 9).11 Final draping by the surgeon (see Chapter 10) completes the patient preparation before surgery and produces a surgical field that is isolated from contamination. Draping has not been conclusively shown in humans to reduce SSIs, but because of the nature of the equine patient it is highly likely to reduce wound contamination.12 A newly developed microbial sealing approach has had good success in reducing human SSIs and may be applicable to equine surgery in the future (see Chapter 10).13,14 Surgical aseptic preparation and attire are discussed in Chapter 10. Studies evaluating the efficacy of gloves in maintaining a sterile field have demonstrated that surgical contamination is common and that culture results will be positive on gloves after only 15 minutes of surgical time.15,16 Techniques such as double gloving and discarding the outer layer after draping should reduce glove contamination and resultantly reduce SSIs.16-18 Surgical instrumentation is the only component of the surgical procedure that can be sterilized. A variety of sterilization methods are available, with some types of instruments being more suited to different techniques (see Chapter 9). Sterilization indicators should be checked before instrument use to ensure appropriate sterilization conditions have been met. If possible, instruments should not be opened before completion of patient preparation and draping, because airborne bacteria counts are significantly higher at this time.19 Microbial contamination of the surgical site is virtually unavoidable. However, development of an SSI depends on many factors. Operating room design, patient, surgeon, and instrument preparation are designed to reduce the number of bacteria at the surgical site. Quantitatively, it has been shown that if a surgical site is contaminated with more than 105 microorganisms per gram of tissue the risk of SSI is markedly increased.20-22 However, the dose required to result in an SSI is a complex interplay between the quantity of bacteria, the virulence of the inoculum, and the immune resistance of the patient.23 The presence of foreign material in the surgical site, such as suture material or orthopedic implants will dramatically reduce the dose required to produce a SSI.24-26 Doses of 102 Staphylococcus pyogenes per gram of tissue produced infections in the presence of foreign material, such as suture material, in humans.23,27 Microorganisms can adhere to foreign material and evade the host immune response.28-31 Infection of a surgical wound occurs most commonly as a result of direct inoculation of the patient’s endogenous flora from the skin, mucous membranes, or hollow viscera. The most common musculoskeletal pathogen in humans and animals is Staphylococcus aureus and has been reported to cause between 19% and 21% of equine orthopedic infections; furthermore,
 
 
 
 CHAPTER 7  SURGICAL SITE INFECTION AND THE USE OF ANTIMICROBIALS 
 
 Staphylococcus spp. are reported to cause up to 60% of equine cases of cellulitis.4,32,33 This is not surprising because staphylococci are a common part of the resident flora of the skin and nasopharynx. Enterobacter spp. were the most common isolate (25%) in a large retrospective study of equine long bone fractures and arthrodeses, similar to other orthopedic (23%) and musculoskeletal infections (28%) reported.4,32,34 Enterobacter spp. are endogenous bacteria that are common resident flora of the genitourinary and gastrointestinal tracts. These opportunistic bacteria cause infection if the host’s defense mechanisms are impaired. Bacteria isolated from equine distal limb skin were Staphylococcus, Bacillus, and Micrococcus.10 Table 7-3 summarizes reported common bacterial isolates from horses.4,34-41 Exogenous sources of bacteria include surgical personnel, the operating room environment, instrumentation and materials bought to the sterile field during the surgical procedure. These bacteria are primarily aerobes, especially gram-positive organisms (e.g., staphylococci and streptococci).3 Fungi from endogenous or exogenous sources rarely cause SSIs and their pathogenesis is not well understood.
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 TABLE 7-4.  Risk Factors for SSIs in the Horse Risk Factors
 
 Examples
 
 Host-related factors
 
 Extremities of age Gender (female) Immunocompromise (failure of passive transfer, corticosteroid administration) Weight (>300-325 kg) Distant sites of infection Hypoxia—systemic and local Foreign material—e.g., clay, dirt Emergency procedures Patient and surgeon preparation— shaving, scrubbing technique Duration of surgery Surgical skill Foreign material—suture and prostheses Bandage—Incise drape reduces SSI, stent >3 days increases SSI, postcolic abdominal bandage reduces SSI
 
 Surgery-related factors
 
 TABLE 7-3.  Common Bacterial Isolates in Horses
 
 Microbe-Related Factors
 
 Disease Process
 
 Bacterial Isolates
 
 Orthopedic surgery
 
 Enterobacteriaceae, Staphylococcus, Streptococcus, Pseudomonas Staphylococcus, Streptococcus Pseudomonas, Staphylococcus, Serratia, Enterococcus, Providencia Salmonella, Clostridium Staphylococcus aureus Streptococcus, Staphylococcus, Enterobacteriaceae, Pseudomonas, and anaerobes Streptococcus, Enterobacteriaceae, Actinobacillus, anaerobes Enterobacteriaceae, anaerobes
 
 Many types of microorganisms may be present at a surgical site, however they do not always cause an infection. A microorganism’s virulence, or its ability to adhere to eukaryotic cell surfaces, multiply, and evade the host immune response, is variable. Resultantly, a low number of virulent S. aureus will cause an SSI, whereas a large number of less virulent microorganisms may not. Bacterial adhesion molecules are one type of virulence factor and referred to as microbial surface components recognizing adhesive matrix molecules (MSCRAMMs).42,43 The exact role of each bacterial adhesion molecule has been difficult to elucidate in animal models.44 However, bacterial adherence is thought to play a key role in the pathogenesis of S. aureus infections.45 Fibronectin-binding genes, fnbA and fnbB, were detected in 98% and 99% of S. aureus infections recovered from human orthopedic infections, respectively.46 Bacteria, including S. aureus, can also produce a variety of exotoxins such as hemolysin and leukotoxins that are produced to avoid the host immune response.46 Virulence or antibiotic resistance can be conferred by secreted proteins, including flagellar proteins, type III  secretion factors, pili, and enzymes such as proteases and β-lactamases.47,48 A promising new approach to combat emerging antibiotic resistance is by targeting bacterial virulence, rather than bacterial viability.49 For example, Pseudomonas aeruginosa expresses a periplasmic protein, DsbA, that is essential for the folding and function of almost all exported virulence factors.47 The development of drugs targeting these important virulence determinants may allow the development of more effective drugs with a lower propensity for inducing bacterial resistance.50 Production of a biofilm is another virulence factor. Microorganisms such as gram-positive staphylococci that can adhere to foreign materials and produce a biofilm, or extracellular glycocalyx, are resultantly resistant to host defenses and antimicrobial agents. These microorganisms are problematic in horses.28,51 SSIs involving implants with biofilm formation can be so effective that removal of the implant may be required to resolve the infection.4 Novel implant coatings are being developed that are
 
 Cellulitis Chronic wounds Enterocolitis Iatrogenic septic arthritis Wounds Peritonitis after abdominal surgery Penetrating wounds to synovial structures Septic physitis/arthritis (foals) Paranasal sinus and guttural pouch
 
 Escherichia coli, Rhodococcus equi Streptococcus equi subsp. equi, Streptococcus zooepidemicus, Aspergillus, Cryptococcus
 
 RISK FACTORS FOR SURGICAL SITE INFECTION The risk of SSI is a result of the complex interplay of microbe, host, and surgery-related factors (Table 7-4). This can be conceptualized according to the following relationship, in which surgery-related factors can affect the dose and the innate resistance of the host3: Dose of bacterial contamination × virulence = Risk of SSI Resistance of host
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 resistant to this biofilm formation and may offer an attractive option to reduce SSIs in horses.52
 
 Host-Related Factors Systemic Risk Factors Intrinsic, patient-related, and preoperative risk factors are important considerations for SSIs. Extremes of age are an important risk factor in humans, although the relationship between age and SSIs may be secondary to comorbidities (the appearance of multiple illnesses) or immune senescence (aging).3,53 In horses, increasing age has been identified as a risk factor for infection during arthroscopic surgery but not for orthopedic repair of long bone fractures and arthrodeses.4,36 This is likely because there was a broader age range in patients undergoing arthroscopic surgery, and as a result the effect of age became more evident. Concomitant infections such as pneumonia or separate sites of infection (e.g., foals with umbilical infections) should be evaluated and appropriately managed before surgery, when possible, to reduce the incidence of SSI secondary to bacteremia.3,54 In humans, remote infections result in a twofold to threefold increase in SSIs.55 Complication rates are lower in young (younger than 1 year but older than 1 month, ~15%) horses compared to adults (older than 1 year, ~43%) with ventral midline incisions.56 However, in cases of long bone fracture repair in horses younger than 1 year, there was an increased rate of SSI in one study, but interestingly this was not associated with a reduced rate of overall survival.4 One possible explanation for the increase in SSIs in younger horses is that attempts to treat complicated fractures, which carry a higher risk of SSIs, were more likely to be made in the younger rather than the older patients. Female horses have an increased risk of SSIs in arthroscopic and orthopedic surgery compared to males and geldings.4,36 This gender relationship with SSI has not been evident in other types of equine surgery and may potentially be because of the increased economic and breeding value of female horses and the acceptance of greater risk before surgery. Obesity (20% over ideal body weight) is strongly related to increased SSI in humans.3,57 In horses, the relationship between weight and SSI is not as clear. Horses weighing greater than 300 kg and undergoing a ventral midline celiotomy were twice as likely to have incisional complications than lighter horses.56 This may actually result from anesthesia-related hypotension and reduced tissue perfusion rather than absolute weight. Host resistance against infection is a function of the immune system and is an important factor in determining if a surgical site becomes infected. In adult horses, immunocompromise is infrequently a concern. However, it certainly is a concern in neonates, and preoperative failure of passive transfer (IgG less than 800 mg/dL) should be evaluated and corrected before surgery.39 In general, the immune status can be suppressed by local or systemic administration of corticosteroids, which may increase rates of infection.53,58 The direct causative effect of corticosteroids has not been conclusively agreed upon in human medicine.3,53,57 The role of endocrine diseases, such as pituitary pars intermedia dysfunction, on SSI has not been clearly delineated in the horse. Nutritional status has been found to be important in severely malnourished human patients and has been managed with preoperative and postoperative nutritional support.3 However, the effect of nutritional status in horses
 
 undergoing surgery has not been determined. As a basic principle, where possible, patients should be maintained in a good nutritional status. Cardiovascular disease and severe metabolic derangements are important risk factors for SSIs in humans.55 These systemic states have a detrimental effect on the host’s ability to resist infection. Hypothermia (temperature lower than 36° C/96.8° F) triples the rate of SSI in human surgery, and it may be a concern in foals and miniature horses, particularly if the skin and hair coat becomes wet.59,60 Maintenance of normothermia positively affects a patient’s immune system and therefore improves its ability to resist SSIs. Other factors that are important in humans, such as nicotine use, diabetes, and the perioperative transfusion of certain blood products, are not or are unlikely to be important in the horse.
 
 Local Risk Factors The perioperative supplemental supply of oxygen to the surgical site has been linked to a reduction in SSIs in human surgery.61-64 The use of hyperbaric oxygen therapy as an adjunctive treatment to improve healing for skin grafts in horses was not effective in one recent study.65 The effect of supplemental oxygen on reduction of SSI in horses has not been examined. In humans, wound infection rates decrease as tissue oxygen tension increases to 100 mm Hg.66 Surgical site perfusion and resultantly oxygenation should be maintained as a surgical priority. The distal limbs of horses have little muscle and soft tissue coverage and as a result are more likely to suffer from regional hypoxia and as such heal more slowly compared to the head.67 This may lead to an inhibition of the host’s local resistance to infection and increase the incidence of SSIs. Disruption of the physical barrier (skin) at the surgical site because of wounds, dermatitis, or inappropriate surgical preparation (e.g., shaving) can increase rates of SSI.53 Long bone fractures that are open at presentation were 4.2 times more likely to become infected after surgical repair compared to closed fractures.4 This results from disruption of the host’s normal barrier to infection (an intact epidermis) in addition to likely direct inoculation of the fracture. More extensive long bone fractures are 5.1 times more likely to develop an SSI than fractures only involving the articular surface.36 Any foreign material, such as sutures, prostheses, or organic materials, alter the local immune response and may result in SSI, even with relatively low levels of contamination. These materials allow biofilm formation and serve as a nidus for infection.51 Careful débridement of contaminated surgical sites to remove foreign material is a basic principle of surgery. Foreign materials have differing abilities to potentiate an SSI. Silk suture material is 3.4 times more likely than polyglactin 910 (Vicryl) to be correlated with an infection.24 Furthermore, a single strand of silk suture reduces the number of S. aureus required to cause an infection by a factor of 105.68 Similarly some soils, most notably montmorillonite clay, contain highly charged particles and are very potent potentiators of infection.69 Surgical techniques to remove and minimize the presence of foreign material at the surgical site will reduce the incidence of SSIs by allowing efficient function of the host immune response. Careful attention to surgical technique will reduce the presence of blood clots, ischemic tissue, dead space, and pockets of fluid that will prolong the inflammatory phase of wound healing and potentiate SSIs.
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 Surgery-Related Risk Factors Factors related to the surgical procedure are readily manipulated by the surgeon and resultantly should be an important consideration. A summary of the reported rates of SSI for common surgical procedures are shown in Table 7-5. With attention to detail and a systematic approach, many of the following surgeryrelated risk factors can be controlled and therefore significantly reduce SSIs. Surgical Procedure Patients undergoing gastrointestinal surgery are at an increased risk of wound complications when treated during an emergency rather than an elective procedure.70,71 Horses undergoing surgery for acute abdominal discomfort had a 39% incidence of  incisional complications compared with 9% for elective  celiotomies.56 In horses with abdominal discomfort requiring immediate surgical intervention, this cannot be altered; however, in patients with concomitant infections, surgery should be delayed if possible.39 Stabilization of the patient will improve the physical status of the patient (lower the American Society of Anesthesiology [ASA] score—see Chapter 18) and likely be associated with a reduced risk of SSI in horses as it is in humans.72,73 Patient and Surgeon Preparation (See Chapters 9 and 10) Basic grooming of the equine surgical candidate before induction will reduce bacterial contamination. Preparations include picking the feet, cleaning the coat of debris and loose hair, and possibly covering the feet and tail.39 Surgery of the foot should involve trimming and soaking the hoof overnight to reduce bacterial contamination before surgery.22 Preoperative hair removal is acceptable, because it may help reduce anesthesia duration but should not be done by shaving. In human medicine, when hair was removed using a razor, the rate of SSIs  was 5.6% compared with 0.6% when hair was removed by
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 depilatory agents or when hair was not removed.9,73,74 This increased rate of SSI is attributed to microscopic cuts in the skin that later serve as foci for bacterial infection. Hair removal with clippers immediately before surgery reduced SSIs (1.8%) compared with removal the night before (4.0%).3 The initial patient preparation ideally should be performed in a designated area separate from the operating room to reduce contamination of the surgical field. Antiseptics available for skin preparation include iodophors (e.g., povidone-iodine [PI]), alcohol-containing products, and chlorhexidine gluconate. Iodophores or chlorhexidine have broad antimicrobial activity, are either aqueous- or alcoholbased, and are common choices for skin preparation.3,11,75,76 Recently, preoperative cleansing of the patient’s skin with chlorhexidine-alcohol (CA) was shown to be superior to PI for preventing SSIs associated with superficial skin incisions (4.2% with CA; 8.6% with PI) and deep incisions (1% with CA; 3% with PI), but not organ space infections.76 Additionally, chlorhexidine-alcohol was found to have greater residual antimicrobial activity compared to 4% chlorhexidine gluconate and 7.5% PI.77 In horses undergoing ventral midline incisions, evaluation of iodophor-alcohol and a film-forming iodophor complex as the means of skin preparation revealed no difference between the techniques.78 Other factors that influence the effectiveness of the surgical scrub are appropriate technique and duration of scrub.3,77 Scrub duration of at least 2 minutes has been shown to be as effective as 10-minute scrubs in reducing bacterial colony counts.3 Another study found that a 1-minute scrub with povidone-iodine followed by an alcohol foam was superior to a traditional 5-minute scrub.79 Overall, the best length of time to scrub is unclear and depends on the antiseptic used.80 Newer alcohol-based rubs (e.g., Avagard [chlorhexidine gluconate 1% solution and ethyl alcohol 61% wt/wt]) have been shown to be an effective alternative to traditional aqueous scrubbing.57,80 In Europe, a similar product consisting of 2-propanol (45%), 1-propanol (30%), and mecetronium ethyl sulfate (0.2%) (Sterillium) has shown significantly better results than chlorhexidine gluconate and povidone-iodine.81 Before the
 
 TABLE 7-5.  Rate of SSIs for Common Surgical Procedures Procedure
 
 Rate of SSI Risk Factors
 
 Protective Factors
 
 CELIOTOMY Emergency Elective
 
 7.4%-39% 9%
 
 Reoperation, inexperienced surgeon, Lavage of linea alba, topical antibiotics to near-far-far-near suture pattern, staples, surgical site at closure, incise drape for polyglactin 910 recovery, minimize surgical duration
 
 CASTRATION Routine 2%-3.2% Laparoscopic cryptorchid 0% Laryngoplasty Arthroscopy
 
 0%-4% 0.5%-1.5%
 
 Lack of drainage, lack of antibiotic prophylaxis, standing nonsutured technique Laryngotomy, draft breed Draft breed, tibiotarsal joint
 
 Laparoscopic technique, recumbent sutured technique
 
 ORTHOPEDIC PROCEDURES Clean Clean-contaminated
 
 8.1% 52.6%
 
 Long bone fractures
 
 28%-32%
 
 Procedure classification, long bone affected, surgical duration >90 min, female patients Open fracture configuration, surgical duration >180 min
 
 See references 4, 36, 78, 102, 103, 114, 115, 150, 172-184.
 
 Minimally invasive reduction
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 first scrub of the day using these products, the nail bed should be cleaned and briefly washed to remove soil and debris.82 Drapes, Gloves, and Gowns Scrub suits, surgical masks, caps and hoods, and shoe covers are all parts of traditional surgical attire. Though there is limited evidence demonstrating a direct effect on SSI by surgical attire, it seems prudent to limit the exposure of patients to potential contamination from members of the surgical team. Surgical gloves fail during about 20% of operations.57 Wearing two pairs of gloves has been shown to reduce the incidence of failure.3 Careful attention should be paid to inspection of glove integrity during procedures in an attempt to identify and correct breaks in barrier integrity promptly. In one study of gloving procedure using either open or closed technique there was a 100% incidence of contamination, and scrub staff–assisted technique was associated with no contamination.15 A barrier type of gown should be worn and disposable impervious drapes used when possible, although the effectiveness of this has been disputed.3,83 However, distal limbs of dogs wrapped with impervious drapes resulted in reduced bacterial contamination compared to more traditional techniques.84 Any option that may reduce contamination in cases where infection is devastating, such as equine orthopedic repair using metallic implants, should be actively pursued by surgical teams.
 
 increase the risk of SSIs, and the presence of foreign material will dramatically reduce this number.20-23,27 Surgical techniques to reduce the presence of these materials in surgical sites, such as débridement and lavage, coupled with appropriate use of suture materials, drains, and implants will result in reduced SSIs.39,54,67 Selecting appropriate suture and minimizing excessive tension on the skin edges will likely reduce SSIs in horses undergoing celiotomies.85 Incision Skin incisions can be made using either a conventional scalpel, laser tools, or electrosurgical devices.88-91 A benefit of laser and electrosurgical devices is improved hemostasis compared to the traditional scalpel.88,90 However, these devices also cause collateral tissue damage, resulting in eschar formation.92,93 Numerous electrosurgical devices are available for surgical use, such as monopolar and bipolar cautery, harmonic scalpel, and LigaSure units. The LigaSure unit and harmonic scalpel are associated with less lateral thermal damage compared to cautery devices and thus are less likely to produce necrotic tissue that may serve as a focus for infection.39,91 Conventional scalpels cause the least collateral damage compared to CO2 laser and electrosurgical tools, and skin incisions made with steel scalpels heal faster.88,90,93,94 As a result a conventional scalpel should be used unless surgical circumstances dictate otherwise.
 
 Duration of Surgery Increased surgical duration has been strongly associated with increased SSI in horses.4,36,56,67,85 For general equine orthopedic procedures, a surgical duration longer than 90 minutes increased the risk factor for SSI by 3.6 times.36 For long bone fractures and arthrodeses, as surgical duration increased so did the risk of SSI.4 Postoperative incisional complications in horses are twice as likely after abdominal surgery longer than 2 hours.85,86 The exact effect of increasing surgical duration is likely a combined result of many factors, including more complicated procedures, tissue drying, reduced tissue perfusion, and increased tissue trauma. Obviously, surgery should not be rushed to prevent SSIs. However, careful surgical planning and surgeon training are essential components that will help to minimize surgical duration and possibly reduce SSIs.4
 
 Minimally Invasive Techniques The advent and application of minimally invasive techniques in humans and subsequently in horses has been a major advance in surgical practice.4,87,95-101 In humans, SSIs are reduced in laparoscopic procedures compared to conventional surgical approaches.57,95 In horses there is little information regarding SSI rates for these procedures. However, minimally invasive plate fixation and laparoscopic procedures will likely be associated with reduced infection rates, but more cases are required before definitive conclusions can be drawn.4,99-101 The reduced rate of SSI has been attributed to preservation of immune function and reduction in the inflammatory response compared to open surgery.57,100 Suture Materials and Surgical Implants
 
 Surgical Technique (See Chapter 12) Surgical skill and careful attention to and adherence to Halsted’s principles play an important role in SSIs.3 Techniques focusing on careful tissue handling, débridement of devitalized tissue, eradication of dead space, appropriate use of drains and suture materials, and effective hemostasis while maintaining perfusion are essential to reduce the incidence of SSIs.3,39,54,67,87 Careful attention to appropriate surgical and aseptic technique have a direct effect on the amount of contamination at the surgical site. Regardless of the host immune status or specific bacterial virulence, poor technique will result in increased SSIs. Excellent surgical training, anatomic knowledge specific to the procedure being performed, and attention to detail are vital factors in prevention of SSIs. The presence of foreign material in a surgical site should be reduced and minimized by the surgeon to reduce the incidence of SSIs. Greater than 105 microorganisms per gram of tissue will
 
 Any foreign material in a surgical site will increase the likelihood of developing an SSI. All appropriate methods to minimize the amount of material introduced to a surgical site will reduce bacterial colonization and resultantly SSIs. The strength and elasticity of the tissue should be matched to the selected suture material to minimize excessive retention in the surgical site. Suture patterns can affect SSI; for example the near-far-farnear suture pattern is associated with an increased rate of SSI compared to a simple interrupted patttern.102 The use of polyglactin 910 has been associated with increased SSI when used to close the linea alba in horses.103 In contaminated surgical sites, multifilament, nonabsorbable suture materials should be avoided (e.g., silk), because these materials are prone to contamination by drug-resistant bacteria and cause SSIs.24,104 The use of tissue glue (cyanoacrylate) to close surgical incisions has been associated with reduced rates of SSIs in humans and may warrant evaluation in the horse.105
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 An alternative method to reduce SSIs that has recently been developed is the incorporation of antibacterial materials in the suture material or to the surface of implants.52,86,106-109 Coating suture material with triclosan has been shown experimentally to prevent in vitro and in vivo bacterial colonization.110,111 However, use of triclosan-coated polyglactin 910 to close ventral midline celiotomies in 100 horses did not reduce the rate of incisional infection.86 In fact, the use of this material was associated with a slight increase in incisional edema in these horses.86 The principle of coating implants with various materials to prevent or reduce the likelihood of bacterial adherence has been extended to include virtually any type of implant material.52,109,112,113 These emerging technologies are very exciting for equine surgeons because the consequences of an implant related infection is often devastating to our patients.4 Bandages and Drains Despite the best efforts of equine surgeons, horses are returned to relatively dirty housing environments immediately after surgery. It has been shown that application of an abdominal bandage postoperatively may reduce the rate of SSIs following celiotomies.114 Also, the application of an Incise drape (SteriDrape) to ventral midline incisions for recovery has been associated with a reduced rate of SSI.102 Application of bandages for longer than 24 to 48 hours is likely not warranted, and the beneficial effect on SSIs is unclear.3 In horses, application of a stent bandage for 3 days following celiotomy procedures increased rates of incisional infections.115 Drains should exit distant to and not from the primary surgical incision.3 Where possible, use of a closed suction drain is preferable to an open one, and drain removal as early as appropriate will help to reduce the likelihood of infection.3
 
 NOSOCOMIAL INFECTIONS Nosocomial, or hospital-acquired, infections are caused by exposure in a hospital to pathogens that were not present or incubating in a patient before admission. They commonly occur after at least 48 hours of hospitalization. In human medicine, the estimated cost of nosocomial infections may be as high as $4 billion annually.116 In equine hospitals the financial cost is much lower but still considerable. For example, in one large equine hospital the cost of a nosocomial outbreak of Salmonella was $4.12 million.117 Perhaps the most devastating disease agent associated with nosocomial infection in horses is Salmonella spp.116,117 Horses undergoing abdominal surgery are at a high risk of developing salmonellosis postoperatively.35,118 In these situations it may be difficult to determine if the infection was truly nosocomial or if the horse was subclinically shedding the organism at the time of admission. Research has demonstrated that in the general horse population 0.8% to 1.8% of horses shed Salmonella.116 From 1.4% to 20% of horses admitted to veterinary teaching hospitals have been estimated to be shedding Salmonella.118 Pulsed-field electrophoresis testing during Salmonella outbreaks has shown that they are nosocomial.119 Other bacteria that are reported to cause nosocomial infections in horses include Clostridium spp., Pseudomonas, Enterobacter, Citrobacter, Proteus, and Klebsiella.118,120,121 S. aureus is the most common cause of SSI in humans.95 The development of methicillin-resistant S. aureus (MRSA) is an
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 emerging veterinary and zoonotic pathogen of great concern to both the veterinary and human medical communities. In horses, the colonization rate with MRSA has been reported to be 2.3% of admissions.122 Clinical MRSA nosocomial infections occurred in 0.18% of admissions.122 Currently, the MRSA infection rate is low in horses. Strict attention to appropriate antimicrobial guidelines will hopefully ensure that the prevalence of MRSA does not increase as it has in human medicine.
 
 PREVENTION AND MANAGEMENT OF SURGICAL SITE INFECTIONS Many factors are involved in development of SSIs. It is a delicate balance between the type of bacteria, the degree of contamination, and the innate resistance of the patient. Fortunately many of these factors can be inexpensively and effectively altered by careful attention to detail by the surgeon and the surgical team as a unit (Table 7-6). An infection at the surgical site, even when successfully treated, normally has dramatically adverse effects on treatment costs and the cosmetic and functional outcomes. The financial cost of SSIs in horses has not been determined. In humans it is estimated that SSIs extend the length of hospital stay by an average of 9.7 days and increase the cost by $20,842 per admission, which amounts to more than $1.5 billion annually that is expended to treat SSIs. In horses undergoing complicated orthopedic procedures, an SSI significantly increased the length of hospitalization from 13.4 to 45.5 days.4 Furthermore, an SSI increased the duration of antimicrobial therapy from 4.5 to 21.8 days.4 The results of a SSI associated with other surgical procedures are likely to be less dramatic than those occurring with orthopedic procedures but will still be very detrimental to the case outcome. Therefore it is very important that surgeons are aware of SSIs and how they can reduce their effects.
 
 Diagnosis of Surgical Site Infections Clinical Signs An important principle for SSIs is that the earlier the intervention, the better the chance of resolution. A careful physical examination will often reveal the early onset of infection allowing appropriate measures to be taken regarding further diagnosis and treatment. Clinically apparent general signs suggestive of SSI include a fever that cannot be otherwise explained, postoperative swelling that either increases or does not decrease, pain or heat on palpation of the surgical site, erythema, and drainage. Lameness is a useful clinical sign for detecting and monitoring orthopedic and synovial infections in the horse.54 Palpation and manipulation of the surgical site may elicit a painful response when a SSI is present. Any early signs of infection should prompt further investigation to determine an appropriate treatment plan as required. Clinical Pathology Complete blood counts may reveal a leukogram suggestive of infection; however, this is rarely reliable. Neutrophil and lymphocyte counts are variably high, low, or normal in the face of infection and as a result are not particularly useful in the diagnosis of SSI.123 A marked leukopenia (less than 5000 cells/µL) can be a sensitive indicator of possible nosocomial enterocolitis when coupled with other supporting clinical signs.35
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 TABLE 7-6.  Interventions to Decrease SSI in the Horse Timing
 
 Interventions
 
 Preoperative
 
 Minimize surgical duration by careful planning Thorough preoperative exam and CBC/fibrinogen to detect underlying disease Remove gross foreign material (bath) before induction Remove hair immediately before induction Remove hair using clippers, do not use razors Perform emergency surgery only when necessary Delay surgery to treat distant sites of infection Pay strict attention to aseptic preparation/technique Minimize movement and personnel in operating room Ensure instrument availability, quality, and sterility for the procedure Use appropriate perioperative antimicrobials Double glove during draping and use orthopedic gloves for fracture repairs Open surgical instruments/implants as required during surgery Administer antimicrobials as appropriate Strictly adhere to aseptic scrubbing/technique Drape appropriately – drape to isolate enterotomy Adhere to Halsted’s principles Place exit drain distant to surgical incision Use close suction drains and remove before 48-72 hr postoperatively Débride infected/devitalized tissues Lavage contaminated surgical sites Minimize foreign material incorporated in surgical site Maintain patient’s body temperature Use expedient surgical procedure as appropriate Consider changing gowns and gloves for procedures longer than 2 hr Ensure appropriate perfusion and tissue oxygenation Select appropriate suture material and patterns Follow appropriate surgical technique Protect surgical site with bandages—colic (incise or abdominal bandage) Use therapeutic antimicrobials as appropriate Minimize duration of hospital stay Provide thorough discharge instructions on wound care and suture removal
 
 Intraoperative
 
 Postoperative
 
 Acute phase proteins (APPs) are the result of a highly organized physiological response to inflammation.124 Although not specific for SSIs, they are a very useful means of indirectly detecting and monitoring the inflammation that results from SSIs. The most commonly measured APPs in horses are fibrinogen (FB), serum amyloid A (SAA), and less commonly haptoglobin. FB is a soluble plasma protein synthesized by the liver with a wide reference interval in horses (200 to 400 mg/dL, 2 to 4 g/L).124 The lengthy response period after an inflammatory stimulus, such as SSI, means that FB is a fairly insensitive APP. SAA, in comparison, has rapid and large changes (up to a hundredfold) in response to stimuli (less than 0.5 to 20 mg/L in normal horses) and is particularly suited for real-time monitoring of disease process in horses.124,125 Fluid samples from surgical sites or in adjacent synovial or pleural spaces are useful indicators of SSIs. The color, turbidity, total protein, cell count, and cell morphology can be determined to evaluate potential infection. Normal synovial fluid generally contains fewer than 500 nucleated cells/mL, with a predominance of mononuclear cells. A cell count greater than 30,000 cells/mL and a protein level of 4.0 g/dL with greater than 90% neutrophils is specific for infection.126 Infected synovial fluid is usually turbid or flocculent, cloudy, and nonviscous. Newspaper print cannot be read through the samples with a cell
 
 count of greater than 30.0 × 109/L, which is strongly suggestive of infection.126 However, care must be exercised in interpretation solely of cell counts. Recent injection or sampling of synovial structures alone will significantly elevate synovial cell count and protein without SSI. Peritoneal and synovial pH (normal 7.30 ± 0.06) can be decreased when sepsis occurs.127 A difference in peritoneal and peripheral serum glucose of greater than 50 mg/dL has been shown to be a good indicator of septic peritonitis.127 Another potential, although not very specific, indicator of synovial infection is synovial fluid lactate (normally less than 3.9 mmol/L), which will rise with infection (greater than 4.9 mmol/L).128 Trends in synovial fluid lactate may be more useful in monitoring synovial infections than the absolute number. Microbiology The definitive diagnosis of a SSI is a positive bacterial culture, and sensitivity testing is extremely useful in guiding subsequent appropriate therapeutic choices. However, a negative culture does not preclude a diagnosis of a SSI.54 Bacterial culture at the time of surgical closure has not been useful in identifying  incisional contaminants in horses undergoing a celiotomy.85 Bacterial culture from infected synovial structures is negative in
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 almost 50% of clinical cases, but this rate is improved to 73% when enrichment media are used.40 The identification of bacteria with Gram stains only occurs in approximately 25% of cases of synovial infection.40 Obtaining fluid samples for culture before administering antibiotics, or delaying administration for 24 hours, may improve isolation of the cause of the SSI. Blood culture media are excellent for aerobic culture and are superior to directly plating onto agar plates.54 Use of a sterile vial with transport media or direct injection into an enriched medium (brain heart infusion [BHI] agar or thioglycolate) are preferred. After the site is aseptically prepared, the sample should be obtained from deep in the surgical site.67 Aspirates from a pocket of fluid suspected to be infected can be effective samples to use for early diagnosis of SSIs. Tissue samples, such as synovial membrane, have been shown to be beneficial for improving culture results, but in our experience this is not always reliable.129 Careful and expedient handling of the samples in coordination with the receiving laboratory will greatly improve the likelihood of a successful bacterial culture and resultantly an antibiogram. It is important to remember to submit samples for fungal culture, especially if there is a history of intra-articular injections or wounds, and to repeat attempts to obtain a culture if initially unsuccessful. Imaging Techniques Ultrasonography of a suspected SSI can be useful. It may allow identification of a pocket of infection that can be sampled for culture and sensitivity, facilitating earlier diagnosis of the causative agent. Ultrasonography also can guide accurate aspiration for surgical drainage to ensure maximal effectiveness.28,130-132 Radiographic signs of acute infection are often limited to increased soft tissue swelling or possibly separation of tissue planes.54 Signs progress to include radiolucency developing adjacent to metal implants and periosteal proliferative changes unassociated with fracture healing. Even later radiographic signs include lysis extending into cancellous bone, medullary cavity, or both. The radiographic appearance of an SSI is often not reflective of the severity of the underlying infection. Scintigraphy is not commonly used to diagnose SSIs but can be a helpful tool for identifying deep infections without typical external localizing signs. The use of radiopharmaceuticallabeled liposomes or white cells may offer a novel and useful technique for identifying problematic SSIs in the future.133 More advanced diagnostic imaging techniques such as computed tomography (CT) and magnetic resonance imaging (MRI) may be beneficial in select cases of infection that have atypical presentations.28,134,135
 
 Pathogenic Bacteria Associated with Equine Surgical Site Infections Knowledge of the common bacterial infections that occur globally in addition to locally at each surgical facility is very useful in the prevention and treatment of SSIs. Monitoring and surveillance for SSIs is essential to allow scientific, evidence-based decisions to be made related to prevention of SSIs. In long bone fracture repairs and arthrodeses, SSIs are mostly polymicrobial in origin (40%), the remainder being half grampositive (32%) and half gram-negative (28%).4 In two other orthopedic-related studies, polymicrobial infections constituted 60% and 19%, respectively.34,40 In equine long bone fractures
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 the most common gram-negative bacterial isolate was Enterobacter cloacae (24.5%), which is very similar to other studies, and the most common gram-positive bacterium was coagulasenegative Staphylococcus (21%).4,32,34 Other bacteria that are commonly associated with orthopedic SSIs are Pseudomonas, Streptococcus, and anaerobes.4,32,34,40 S. aureus is the most common (31%) isolate in postoperative synovial structure infections.40 Mixed bacterial isolates are commonly obtained from SSIs after gastrointestinal, urogenital, and respiratory tract infections, which means that obtaining a representative culture is extremely important for developing a successful targeted therapy.67 Actinobacillus species have been reported as a cause of SSI following soft tissue surgery.136 Common skin isolates from the ventral midline before surgical preparation for celiotomies were Bacillus, Staphylococcus, Micrococcus, Streptomyces, and Streptococcus species.
 
 Treatment of Surgical Site Infections Rapid and accurate identification of a SSI is essential. Once an SSI has been identified, the treatment options are varied depending on the relative importance of the SSI to the outcome, the location of the surgery, the type of procedure performed, and possible implants used. The following are basic principles that always apply: (1) drainage of infected tissues should usually be performed with the aid of gravity, (2) devitalized and infected tissue should be débrided, and (3) appropriate therapeutic antimicrobial therapy should be initiated based on accurate culture and sensitivity results.67,85,137,138 A key consideration for both surgical and antimicrobial therapy is whether any implanted prosthetic material is infected.137 The formation of a biofilm around a surgical implant can be extremely resistant to antimicrobial therapy, and removal of the implant may be required to resolve the infection.4 Treatment of SSIs related to orthopedic implants has improved markedly over the last decade, primarily because of improved local delivery of antibiotics.4,139-144 There is little doubt that improved outcomes are possible when extremely high doses of appropriate antimicrobials can be instilled and maintained close to infected tissues and implants. Systemically administered antimicrobials, even combined with drainage and lavage, fail so frequently that equine surgeons have enthusiastically embraced local delivery techniques.
 
 Antimicrobial Prophylaxis Against Surgical Site Infections Perioperative Antibiotic Therapy in Horses The use of antimicrobials in veterinary medicine has been and will continue to be an extremely controversial issue.145,146 The development of multidrug-resistant bacteria and their effect on human medicine has widespread health consequences.147,148 Antimicrobials should be carefully selected, achieve effective tissue concentrations at the time of surgery, and act against likely pathogens. The intelligent and optimal use of antimicrobials is essential for effectively preventing SSIs while minimizing the development of antimicrobial resistance. Antibiotic Classification Antibiotics can be broadly classified as either bactericidal or bacteriostatic or by their mechanism of action (Table 7-7).
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 TABLE 7-7.  Antibiotics Commonly Used in Horses Antimicrobial
 
 Mechanism of Action
 
 Adverse Effects
 
 Inhibit cell wall synthesis by binding to penicillin-binding proteins, leading to cell lysis As for penicillin Inhibit protein synthesis by binding to 30S ribosomal subunit Inhibit bacterial DNA gyrase
 
 Autoimmune hemolytic anemia, anaphylaxis, transient hypotension, increased large intestinal motility, cardiac arrhythmia Enterocolitis Nephrotoxicity, neuromuscular blockade, ototoxicity Cartilage disorders in young (log10 reduction from 18 min to 3 hr)
 
 Autoclave at standard exposure conditions (121° C for 15 min) Boiling Dry heat Ethylene oxide Formaldehyde Hydrogen peroxide gas plasma, Sterrad 100S (ASP) (ionizing radiation) Microwave
 
 Autoclave at 121° C to 132° C for 1 hr (gravity displacement sterilizer) or 121° C for 30 min (prevacuum sterilizer) Autoclave at 134° C for 18 min (prevacuum sterilizer) Autoclave at 134° C for 18 min immersed in water Hydrogen peroxide gas plasma (Sterrad NX) Radiofrequency gas plasma Sodium dodecyl sulfate, 2%, plus acetic acid, 1%, plus autoclave at 121° C for 15-30 min Sodium hydroxide (NaOH), 0.09 N or 0.9 N, for 2 hr plus autoclave at 121° C for 1 hr (gravity displacement sterilizer) Vaporized hydrogen peroxide, 1.5-2 mg/L
 
 UV light
 
 Note: The same process may be listed as both effective and ineffective because of differences in sterilant concentration, exposure time, temperature, etc., or differences in testing methods. All of these experiments were performed without cleaning. Modified from Rutala WA, Weber DJ: Creutzfeldt-Jakob disease: Recommendations for disinfection and sterilization. Clin Infect Dis 32:1348, 2001; from Rutala WA, Weber DJ: Guide for disinfection and sterilization of prion-contaminated medical instruments. Infect Contr Hosp Epidemiol 31:107, 2010.
 
 A recent experimental study that evaluated short-duration sterilization techniques in a resistometer (at 134° C, 273° F) used different models (threads, gap, empty tube, tube with insert, sliding surface, etc.) contaminated with test microorganisms to simulate situations encountered during sterilization. After 90 seconds in the threads model, no organisms could be isolated.14 In the gap model, micoroorganisms could be isolated after 90 seconds but were inactivated after 180 seconds.14 In the empty tube, tube with insert, and sliding-surface models, test microroganisms could still be isolated even after 5 minutes.14 Repeating the same experiment in a test autoclave at 134° C after 90 and 180 seconds, viable microorganisms could only be detected in some of samples in the tube with insert model.14 When the temperature was lowered to 132° C (270° F) at 2 and 4 minutes, only the 2-minute test with the tube with insert model revealed visible microorganisms.14 These results indicate that a secure sterilization result can be guaranteed on various surfaces at 134° C with a maintenance time of 4 minutes, conditions that cover the vast majority of situations a practitioner faces daily. Most autoclaves used in veterinary hospitals use steam pressure to drive air downward and out of the pressure vessel in 
 
 Steam in Water separator Steam Steam wave font Air Drain vent line
 
 Figure 9-4.  Schematic drawing of a gravity displacement autoclave, showing downward displacement of all air by steam in this system. (From Lawrence CA, Block SS: Disinfection, Sterilization, and Preservation. Lea & Febiger, Philadelphia, 1991.)
 
 a process called gravity displacement (Figure 9-4).4 Air displacement by steam is critical to achieve condensation on all surfaces, and air reduces the temperature of steam at any given pressure.4 Arrangement of trays or bowls within the autoclave must be such that air cannot be trapped by the downward
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 Figure 9-5.  A typical sterilization unit in a large hospital, loaded and ready for use. Note that the contents are loosely arranged to facilitate access of steam around each item.
 
 Figure 9-6.  The gke Steri-Record Helix Bowie-Dick simulation (BDS) test
 
 progression of the steam, and bowls should be placed with their openings to the side or facing down.8,10 Also, packs should be loosely loaded into the autoclave to ensure distribution and circulation of steam around each pack without the formation of air pockets between them (Figure 9-5).10 Valves in cannulas should be left open to ensure adequate steam penetration.15 Because air trapped in closed, impervious containers can inhibit steam penetration, items in glass tubes should be sealed with cotton plugs.3-5,8 Many newer or more sophisticated types of autoclaves use a vacuum to displace air from the materials to be sterilized.10 This allows shorter sterilization times but adds to the cost of the equipment. Other modifications use pulsed steam pressure and special valve systems to hasten air removal before sterilization. Prevacuum steam sterilizers evacuate air from the chamber before steam is admitted, so the time lag for complete air removal is eliminated and the problem of air entrapment is minimized.4 This system is well suited for flash sterilization.4 It is also recommended that the steam sterilizer be periodically tested for functionality. The Bowie-Dick test can be used to prove that air removal and steam penetration were complete.6 The Steri-Record (gke-GmbH) provides two simulation tests for different applications, depending on the sterilization programs used.11,16 These Bowie-Dick tests simulate hollow devices, such as trocars, which require more demanding air removal and penetration conditions than porous cotton. The indicator systems consist of a process challenge device (PCD) with an indicator inside. One of the systems is the Helix-PCD, consisting of a polytetrafluoroethylene (PTFE) tube and a metal test capsule holding the integrated indicator (Figure 9-6). The second system is the Compact-PCD, consisting of an external plastic casing with a stainless steel coil inside that holds the indicator. To ensure proper functioning of the sterilizer, such a kit should be included in each sterilizer charge.
 
 kit. a, Metal test capsule attached to the polytetrafluoroethylene tube; b, lid of the metal capsule holding the integrating indicator (the dark dots indicate proper function); c, unused indicator strip; d, cloth container for the BDS kit.
 
 Filtration Sterilization by filtration is used for air supply to surgery rooms (laminar flow ventilation), in industrial preparation of medications, and for small volumes of solutions in practice settings.10,14 The laminar air filtering system for surgery suites is discussed in Chapter 10. For fluids, two types of filters are commonly used— depth filters and screen filters.10,17 Screen filters function like a sieve to remove any microorganisms or particulate matter larger than the pore diameter of the screen.10,17 Depth filters trap microbes and particles by a combination of random absorption and mechanical entrapment.17
 
 Radiation Sterilization by radiation is used in the industrial preparation of surgical materials that are sensitive to heat or chemical sterilization.10 The facilities required for ionizing radiation render them unsuitable for use in veterinary hospitals.10 Although radiation is suitable for items that cannot tolerate heat sterilization, it can change the composition of some plastics and pharmaceuticals.10,18
 
 CHEMICAL STERILIZATION Ethylene Oxide Ethylene oxide (EO) is the most commonly used agent in  chemical sterilization. Because it is a gas, it rapidly penetrates
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 TABLE 9-4.  Requirements for Ethylene Oxide Sterilization Variables
 
 Range
 
 Comments
 
 Concentration Temperature Exposure time
 
 450-1500 mg/L 21°-60° C 48 min to several hours
 
 Humidity
 
 40%-60% (minimum, 33%)
 
 Doubling the concentration approximately halves the sterilization time. Activity is slightly more than doubled with each 10° C increase. Room temperature, 12 hr 55° C, 4 hr or less “Oversterilization” period allowed Can be provided by vials of water or sponges
 
 From Southwood LL, Baxter GM: Instrument sterilization, skin preparation, and wound management. Vet Clin North Am Equine Pract 12:173, 1996 (with permission).
 
 packaging and items to be sterilized at temperatures tolerated by almost all materials. However, its use is limited by the size of the equipment, the time requirement, and concerns about toxicity. It is recommended for use only for items unsuitable for steam sterilization, including laparoscopes, light cables, and camera heads.15,19 In fact, because of environmental concerns, EO sterilizers are now required by law to be retrofitted with abaters that reduce more of the exhausts to water vapor. Despite the use of abaters, the Environmental Protection Agency has outlawed the use of EO sterilizers altogether in some areas. Gas plasma sterilizers are a logical replacement choice (see later). EO is an alkylating agent that kills microorganisms by inactivation of proteins, DNA, and RNA, and it is effective against vegetative bacteria, fungi, viruses, and spores.20 It is supplied as a gas mixed with a carrier agent (Freon or CO2) to reduce flammability.5 Mixed with air or oxygen, EO is explosive and flammable.5 Carbon dioxide is the preferred diluent because of environmental concerns about fluorinated hydrocarbon (Freon) release, although EO has a tendency to stratify from carbon dioxide in storage containers, which could affect sterilization.5 Sterilization by EO is influenced by gas concentration, temperature, humidity, and exposure time (Table 9-4).21 The more sophisticated equipment for EO sterilization includes methods for temperature elevation to shorten sterilization times.19 Spores require time for humidification to allow optimal killing by EO.10,20,21 The humidity should not be raised by wetting the materials to be sterilized, because EO forms condensation products with water that may damage rubber and plastic surfaces. Also, the effectiveness of EO sterilization may be reduced below the lethal point by moisture left in needles and tubing.22 Instruments need to be cleaned as described for steam sterilization. Because EO penetrates materials more readily than steam, a wider variety of materials may be used in packaging items for sterilization and storage. Films of polyethylene, polypropylene, and polyvinyl chloride are commercially available, but nylon should not be used, because it is penetrated poorly by EO.10,20-22 Positioning of packs is less critical than with steam, but overloading and compression in the sterilizer can prevent adequate penetration.5 After sterilization by EO, materials must be aerated to allow dissipation of the absorbed chemical (Table 9-5), because residual EO can damage tissues.23,24 For example, inadequate aeration of endotracheal tubes sterilized by EO caused tracheal necrosis and stenosis in horses and dogs.25,26 Although some EO chambers are equipped with mechanical aeration systems to reduce aeration times, those commonly used in veterinary hospitals use natural aeration in well-ventilated areas.7 EO sterilization indicator strips should be used on the outside of surgery packs, and chemical or biologic indicators of EO exposure are
 
 TABLE 9-5.  Average Minimal Aeration Times after Ethylene Oxide Sterilization Aeration Time* Material Rubber products Latex PVC 1 8 in (thick) 1 16 in (thin) Polyethylene Vinyl Plastic-wrapped supplies Implants
 
 Natural (days)
 
 Mechanical (hr)
 
 1-2 7 12 7
 
 46 46 46 46
 
 2 3 3
 
 46 32 32
 
 10-15 (recommended)
 
 32
 
 *Times are given for natural aeration and, where available, for mechanical aeration. Ethylene oxide sterilizers equipped for mechanical aeration produce significantly shorter aeration times (hours instead of days). From Clem M: Sterilization and Antiseptics. p. 107. In Auer J (ed): Equine Surgery. Saunders, Philadelphia, 1992.
 
 used inside.22 The 3M Comply EO chemical integrators demonstrate a color change and migration on an absorptive strip in response to all the critical aspects of EO sterilization, such as EO concentration, relative humidity, time, and temperature. Safe storage times are 90 to 100 days for plastic wraps sealed with tape, and 1 year for heat-sealed plastic wraps.22 Exposure to EO can cause skin and mucous membrane irritation, nausea, vomiting, headache, cognitive impairment, sensory loss, reproductive failure, and increased incidence of chromosomal abnormalities.10,23 Ability to detect the gas by smell is lost after prolonged exposure.24 Ethylene chlorohydrin is a highly toxic degradation product of EO that is formed most readily in products that have been previously sterilized by radiation.10,20,21 This risk is greatest with polyvinyl chloride products.9
 
 Gas Plasma Gas plasma sterilization (Sterrad Sterilization System) (Figure 9-7) allows short instrument turnaround time, has no recognized health hazards, and operates at a low temperature (less than 50° C).9 An aqueous solution of hydrogen peroxide is injected into the chamber and converted to gas plasma by radio waves that create an electrical field.5 In this field, hydrogen peroxide vapor is converted to free radicals that collide with and inactivate microorganisms.8,9 Gas plasma is suitable for heatand moisture-sensitive instruments (rigid endoscopy lenses and
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 SECTION II  SURGICAL METHODS instrument sets, objective lenses for microscopes, nonfabric tourniquets, medication vials, insulated electrosurgery and cautery instruments, and metal instruments).8,9 Also, the process does not dull the sharpness of delicate microsurgical instruments.8 Gas plasma is unsuitable for flexible endoscopes, liquids, and items derived from plant fibers (paper products, linens, gauze sponges, Q-tip applicators, cast padding, wooden tongue depressors, gloves, and single-use items), because these materials absorb hydrogen peroxide and inhibit sterilization.8 Very long narrow lumens, lumens closed at one end, folded plastic bags, and sheeting are unsuitable for sterilization by gas plasma.9
 
 DISINFECTANTS
 
 Figure 9-7.  Gas plasma sterilization unit (Sterrad) that uses H2O2 to generate free radicals, which inactivate microbes.
 
 Several disinfecting agents have been developed for medical purposes and are widely used in the sterilization of inanimate objects, such as surgical instruments, endoscopes, hospital  surfaces, and fixtures. They are well suited for complex surgical instruments and endoscopes that are heat sensitive. High-level disinfection refers to the use of a chemical sterilant for exposure times that are insufficient to achieve sterilization (elimination of all microorganisms and spores) but sufficient to inactivate all microorganisms (bacteria, fungi, viruses, and mycobacteria), but not all bacterial spores.27 However, in typical use, high-level disinfection appears to provide the same efficacy as sterilization.27 An ideal chemical sterilant as a high-level disinfectant should have broad-spectrum antimicrobial activity, rapid effect, compatibility with materials to be sterilized, and long reuse life and shelf life, nontoxic to human beings and the environment, odorless, nonstaining, free of disposal restrictions, and should be easy to use, resistant to organic material, readily monitored for concentration, and cost-effective.27 Unlike antiseptics (Table 9-6), disinfectants are not intended for use on living tissue and actually can be harmful to tissues at the concentrations required
 
 TABLE 9-6.  Characteristics of Selected Antiseptics and Disinfectants Agent
 
 Trade Name
 
 Action
 
 Effects
 
 Disadvantages
 
 Isopropyl alcohol
 
 Propanol
 
 Protein denaturation
 
 Bactericidal, effective against vegetative bacteria only
 
 Propan-2-ol and Propan-1-ol
 
 Sterillium
 
 Protein denaturation
 
 Ethanol 96% and Biphenyl-2-ol
 
 Desderman pure
 
 Protein denaturation
 
 Glutaraldehyde
 
 Cidex Omnicide Abcocide
 
 Protein and nucleic acid denaturation
 
 Bactericidal, fungicidal Effective against many important viruses Bactericidal (MRSA), fungicidal Effective against many important viruses Bactericidal, fungicidal, viricidal, sporicidal
 
 Poor against spores, fungi, viruses Cytotoxic in tissue Cytotoxic in tissue
 
 Chlorhexidine
 
 Nolvasan
 
 Povidone-iodine
 
 Betadine
 
 Cell membrane disruption and cellular protein precipitation Metabolic interference
 
 Bactericidal, fungicidal; variable activity against viruses Bactericidal, viricidal, fungicidal
 
 MRSA, Methicillin-resistant Staphylococcus aureus. Modified from Clem M: Sterilization and Antiseptics. p. 107. In Auer J (ed): Equine Surgery. Saunders, Philadelphia, 1992.
 
 Cytotoxic in tissues, avoid contact with the eyes, easily flammable Long (10-hr) exposure time required for sporicidal effect Limited shelf life once activated Tissue irritant/toxicity Not sporicidal Poorly sporicidal Some inactivation by organic debris
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 to achieve full efficacy. In fact, the broader the range of microbes it eliminates and the faster it acts, the more corrosive and  toxic it is.28
 
 TABLE 9-7.  Recommended Conditions for Use of Three Glutaraldehyde Preparations Cidex 7 Cidexplus Cidex (Long-Life (28-Day (Activated) Activated) Solution)
 
 Aldehydes Because heat and moisture are damaging to certain instruments, such as endoscopes, arthroscopes, and laparoscopes, cold disinfection with glutaraldehyde, a saturated dialdehyde (Cidex, Omnicide 28, Abcocide), can be used for these items.7 Olympus, Pentax, and Fujinon list glutaraldehyde as compatible with their endoscopes, but manufacturer recommendations need to be closely followed for all such instruments.8 Although glutaraldehyde is effective against a wide range of susceptible organisms (see Table 9-6), Cidex is now classified as a disinfectant by the manufacturer, rather than as a sterilant, and therefore its use on arthroscopic and laparoscopic instruments is questionable.29 Peracetic acid (PAA) would be preferable to sterilize these items, as discussed later. Glutaraldehyde has broad-spectrum antimicrobial activity and is the most widely used chemical for the high-level disinfection of endoscopes and other such instruments.27 Glutaraldehyde owes its biocidal activity to alkylation of sulfhydryl, hydroxyl, carboxyl, and amino groups, which alters microbial RNA, DNA, and protein synthesis.27 The antimicrobial activity of glutaraldehyde is greatly enhanced in alkaline solutions (pH 7.5 to 8.5), although high pH hastens its polymerization and therefore limits its shelf life. To overcome this problem, glutaraldehyde is supplied as an acidic colorless solution that is activated at the time of use by adding an “activator” that converts it to a green (Cidex, Abcocide) or blue (Omnicide) alkaline solution with a sharp odor.9,29 Acid glutaraldehydes also are available and do not require activation, but they lack the microbiocidal activity of alkaline preparations.27 Repeated use of an activated solution or placing damp instruments into the solution can dilute it to less than the effective concentration. Solutions should be reused only when the minimum effective concentration, as determined by the appropriate test strip, is assured, and when the pH and temperature are correct (Table 9-7). Solutions should be discarded after the specified reuse period has elapsed, even if the appropriate conditions have been met. Antimicrobial activity of Cidex increases with increased temperature and decreases with organic matter.29 Therefore presterilization cleaning and drying are important, and an enzyme-based presoak detergent can be used.8 Instruments soaked in glutaraldehyde must be thoroughly rinsed with sterile water before they touch tissue, and gloves must always be worn when removing items from glutaraldehyde baths. The potential hazards of glutaraldehyde for staff are considerable. Toxicity has been suspected in 35% of endoscopy units, with harmful or potentially harmful problems in 63% of these.9 Direct contact with glutaraldehyde is irritating to skin and other tissues, and repeated exposure can result in sensitization and allergic contact dermatitis, rhinitis, and asthma.25 Vapor may cause stinging sensations in the eye, excess tear production, redness of the conjunctiva, a stinging sensation in the nose and throat, nasal discharge, coughing, symptoms of bronchitis, and headache.9 Glutaraldehyde is not ideal for chemical disinfection of instruments that are hinged, are corroded, or have deep or narrow crevices, and it should not be used for critical, single-use devices, such as catheters. Prolonged use of glutaraldehyde can
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 Concentration (%) Maximal reuse period
 
 2.4 14 day
 
 2.5 28 day
 
 3.4 28 day
 
 20-25 10 hr
 
 20-25 10 hr
 
 AS A STERILANT Temperature (° C) 25 Minimal immersion 10 hr time
 
 AS A HIGH-LEVEL DISINFECTANT Temperature (° C) 25 Minimal immersion 45 min time
 
 25 90 min
 
 25 20 min
 
 AS AN INTERMEDIATE-LEVEL DISINFECTANT Temperature (° C) 20-25 Minimal immersion 10 min time
 
 20-25 10 min
 
 20-25 10 min
 
 Sterilant conditions apply to surgical instruments and devices that penetrate skin or are used in sterile tissues; the longer times are required for spores. High-level disinfectants are used for semicritical devices that do not penetrate sterile tissues (endoscopes, anesthesia equipment). Intermediate-level disinfectants are used for noncritical devices that contact skin surface only. Recommendations for other glutaraldehyde preparations may vary—the manufacturer’s advice should be followed. From Southwood LL, Baxter GM: Instrument sterilization, skin preparation, and wound management. Vet Clin North Am Equine Pract 12:173, 1996 (with permission).
 
 corrode metals and some plastics.30,31 As with all aldehydes, glutaraldehyde can fix proteins by denaturing and coagulating them, and this creates a biofilm on instruments that can make them difficult to sterilize.9 Ortho-phthalaldehyde (OPA; Cidex OPA) is a high-level disinfectant that contains 0.55% 1,2-benzenedicarboxaldehyde. OPA completely destroys all common bacteria in 5 minutes of exposure, does not produce noxious fumes, does not require activation, is compatible with many materials, does not coagulate blood or fix tissues to instrument surfaces, and is stable at a wide pH range (3 to 9).9,27 Exposure to OPA vapors may be irritating to the respiratory tract and eyes, and it can stain linens, clothing, skin, instruments, and automatic cleaning devices.9 Succindialdehyde with dimethoxytetrahydrofuran and anticorrosion components (Gigasept FF) is recommended for  flexible endoscopes and ultrasonic probes by well-known manufacturers (e.g., Fujinon, Olympus, Hewlett Packard, Acuson, Toshiba). It is a broad-spectrum cold-sterilizing or disinfecting solution with excellent material compatibility and a pH of approximately 6.5. It does not require activation additives and might be preferable when there is a desire to avoid formaldehyde or glutaraldehyde products.
 
 Peracetic Acid Peracetic acid or peroxyacetic acid (PAA) is an oxidizing agent that functions in much the same way as hydrogen peroxide, through denaturation of protein, disruption of cell wall permeability, and oxidation of sulfhydryl and sulfur bonds in
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 proteins, enzymes, and other metabolites.24 PAA is available under numerous brand names with different chemical formulations (Nu Cidex 0.35%, STERIS 0.20%, Anioxyde 1000, and Sekusept Aktiv). The STERIS Corporation has marketed STERIS 20 Sterilant Concentrate, a 35% peroxyacetic acid concentrate, for use in the STERIS System 18 (Figure 9-8). An arthroscopic camera and telescope can be processed, rinsed, and dried in this system in a 20-minute cycle. It is routinely used to sterilize flexible endoscopes as well. A contact time of 10 or 15 minutes and a concentration of greater than 0.09% PAA are recommended for destruction of bacteria, fungi, viruses, and spores, if used manually.9 Compared with glutaraldehyde, PAA has a similar or even a better biocidal efficacy and is claimed to be less irritating for staff and safer for the environment. PAA does not fix proteins and therefore does not create a biofilm. It has the ability to remove glutaraldehyde-hardened material from biopsy channels, and its activity is not adversely affected by organic matter. Potential adverse effects are strongly linked to the pH value of the application solution, with minimal effects in a pH range of 7.5 or higher. PAA is less stable than glutaraldehyde, can be corrosive, and has a strong, vinegar-like odor. PAA has additional drawbacks when used on immersible instruments; it can cause serious eye and skin damage in a concentrated form, it can dull aluminum anodized coating, instruments treated with it cannot be stored, and it is expensive.9,27 PAA is also a weak carcinogen.28 Therefore, when using manual immersion methods, PAA should be used with adequate ventilation and personal protective measures. PAA also causes cosmetic discoloration of endoscopes, but without any functional damage, if used manually; the STERIS System 1 sterilizer does not have this problem, however, because adequate rinsing is automatic.
 
 Hydrogen Peroxide Hydrogen peroxide is an oxidizing agent that can be used as  a high-level disinfectant.27 It produces destructive hydroxyl radicals that attack membrane lipids, DNA, and other cellular components when used at recommended concentrations.27 Its antimicrobial activity is very slow.27,28 It is marketed as Sporox as a premix that contains 7.5% hydrogen peroxide and 0.85% phosphoric acid.27 The minimum effective concentration (i.e., 6.0%) must be checked regularly. It is compatible with many
 
 tested endoscopes, but black anodized metal finishes can become discolored.27 Hydrogen peroxide can be corrosive to flexible endoscopes.28 It can enhance removal of organic matter, is easily disposed of, and is neither malodorous nor irritating.27 A solution of 0.5% hydrogen peroxide (Hydrox) has been shown to combine microbial killing with a cleaning efficiency on medical devices that is superior to that of many detergent solutions.7 A new high-level disinfectant has been developed as an accelerated hydrogen peroxide (AHP) product obtained by blending with commonly used safe ingredients that dramatically increase the germicidal potency of hydrogen peroxide.28 This AHP product, Accel HLD 5, is a blend of 2% hydrogen peroxide, anionic surfactants, nonionic surfactants, and stabilizers, that is odorless and has a pH of 2.5 to 3.0. In studies, it proved to be a broad-spectrum and fast-acting microbicide that is effective in the presence of soilage and safe to end users and the environment. It is considered to be compatible with flexible endoscopes.28
 
 Electrolyzed Acid Water At present, two types of electrolyzed acid water (EAW) are available—electrolyzed strong acid water with a pH of less than 3 (e.g., Cleantop WM-S) and electrolyzed weak acid water, with a pH of between 6 and 7.9 EAW is produced by using water and salt under electrolysis with membrane separation. The process generates hydroxy radicals that have a rapid and potent bactericidal effect. Additionally, the low pH (pH 2.7) and high oxidation-reduction potential (1100 mV) are toxic to microorganisms.9 EAW breaks the bacterial cell wall and degenerates various inner components of the bacterium (including chromosomal DNA). EAW is nonirritating, has minimal toxicity, and is safe and inexpensive, but the bactericidal effect is drastically decreased in the presence of organic matter or biofilm. Also, EAW is unstable, and the full disinfecting potential of EAW and its long-term compatibility for endoscopes remain to be examined.9 Sterilox, often referred to as superoxidized water, is a dilute mixture of mild oxidants at neutral pH derived from salt by electrolysis in a proprietary electrochemical cell.9 The primary active species is hypochlorous acid, an extremely powerful disinfectant that is completely nontoxic in the low, clinically effective small concentrations produced in Sterilox. It is generated on site, as needed, and stored no longer than 24 hours. The active agents decompose slowly to harmless species.9
 
 Chlorine Dioxide Chlorine dioxide (e.g., Tristel, Dexit, and Medicide) is a powerful oxidizing agent and is active against nonsporing bacteria, including mycobacteria and viruses, in less than 5 minutes, and is rapidly sporicidal (10 minutes).9 Chlorine dioxide is more damaging to instruments and components than glutaraldehyde9; it discolors the black plastic casing of flexible endoscopes and irritates the skin, eyes, and respiratory tract.9 Chlorine dioxide emits a strong odor of chlorine and should be stored in sealed containers and handled in well-ventilated areas.9
 
 Miscellaneous Figure 9-8.  Peracetic acid sterilizer (Steris System 1), which is used to sterilize endoscopes, arthroscopes, and other equipment.
 
 The monomer of 2-butanone peroxide is a novel peroxygen derivative that has exhibited biocidal activity against several
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 bacteria and has good fungicidal and virucidal activities.32 Results of toxicity assessment and material compatibility studies were favorable.32 Peracetic acid (0.08%) plus 1.0% hydrogen peroxide, marketed as Cidex PA, can inactivate all microorganisms, but not bacterial spores, within 20 minutes.27 It is unfortunately not endorsed by Olympus for any Olympus endoscopes. The product has required reformulation to improve its material compatibility.27 Peroxygenic acid (Virkon) owes its oxidizing activity to  its three major components, potassium monoperoxysulfate (primary ingrediant), potassium hydrogen sulfate, and potassium sulfate. At a concentration of 1%, it is a low-level disinfectant, rapidly biocidal against vegetative bacteria and viruses, with some activity against yeasts and nontuberculous mycobacteria in suspension tests.33 It has a limited spectrum of activity, because it cannot destroy endospores and molds within a practical time frame, and it is potentially corrosive. Although it is unsuitable as a disinfectant for medical devices, its biodegradability and low toxicity would make it a good environmental disinfectant. In veterinary hospitals, this disinfectant has received favorable reviews for use in footbaths and foot mats as a means of reducing bacterial contamination on the soles of boots and thereby potentially reducing the risk for spread of nosocomial infections.34,35
 
 corneum, forming a persistent residue that can kill bacteria emerging from sebaceous glands, sweat glands, and hair follicles during surgery.44 Another approved antiseptic for preoperative skin preparation, 2% chlorhexidine gluconate plus 70% isopropyl alcohol (ChloraPrep), provided significantly more persistent antimicrobial activity on abdominal sites at 24  hours after application than either of the components used separately.45 Chlorhexidine has low toxicity as a skin scrub or as an aqueous solution for wound disinfection, oral lavage, and mucous membranes of the urinary tract.43 Although it can be toxic to fibroblasts in vitro, in vivo lavage with dilute chlorhexidine (0.05%) is not harmful to wound healing.42 However, the least known bactericidal concentration (0.05%) of chlorhexidine diacetate causes synovial ulceration, inflammation, and fibrin accumulation in the tarsocrural joints of horses.46 Chlorhexidine (0.0005%) potentiated with 3.2 mM EDTA and 0.05 mM Tris buffer (hydroxymethylaminomethylamine) is 90% lethal to Escherichia coli, Staphylococcus aureus, and Streptococcus zooepidemicus and is not harmful to the synovium or articular cartilage of the tarsocrural joints of ponies.47 Chlorhexidine (0.02%), like 1% povidone-iodine, promotes intraabdominal adhesion formation and therefore should not be used for peritoneal lavage.48
 
 ANTISEPTICS
 
 Iodine Compounds
 
 Antiseptics are intended for use on living tissue, whereas disinfectants are intended for use on inanimate objects and can harm tissue (see Table 9-6).9 An agent can be an antiseptic at low concentrations and a disinfectant at higher concentrations.9
 
 Inorganic or elemental iodine has a very broad antimicrobial spectrum compared with other agents (see Table 9-6) and a very short kill time at low concentrations, and organisms do not develop resistance to it.49 Its undesirable characteristics are odor, tissue irritation, staining, radiopacity, and corrosiveness.49 Iodophors are complexes of elemental iodine with a carrier, such as polyvinylpyrrolidone (PVP), which forms povidone-iodine (PVP-I2; Betadine surgical scrub). The complex retains the bactericidal activity of iodine, while reducing tissue irritation and staining. Povidone-iodine is usually supplied as a 10% solution with approximately 1% available iodine, which is not equivalent to free iodine but must be converted to free iodine to become bactericidal.49 However, iodine is so tightly bound to PVP that the standard 10% solution contains as little as 0.8 parts per million of free iodine.46 This concentration may not be sufficient to kill bacteria, especially as some free iodine is readily neutralized by protein and by conversion to iodide in vivo.49 However, dilution of the 10% solution of povidone-iodine liberates more free iodine than is present in the undiluted solution—thus the diluted solution is more bactericidal.49 Contamination of 10% povidone-iodine solution by bacteria has been reported, apparently because it liberates an insufficient amount of free iodine at this concentration.49 At least 2 minutes of scrubbing is required to release free iodine from povidoneiodine.37 Addition of detergents, as in surgical scrubs, further reduces the release of iodine.50 Inadequate release of free iodine from povidone-iodine causes some concern about its efficacy in skin preparation.49 Before application of iodophor compounds, hair should be removed and the skin well cleaned to remove organic debris that can reduce the bactericidal activity of the iodophor. However, when arthrocentesis sites in the midcarpal joint and the distal interphalangeal joint region of horses were not clipped of hair, a 5-minute surgical scrub with povidone-iodine followed by a rinse with 70% alcohol was as effective as the same
 
 Alcohols Alcohols are commonly used in veterinary medicine, but they are effective only against vegetative bacteria (see Table 9-6).36 They have a mild defatting effect but they are inactivated by a variety of organic debris and have no residual activity after evaporation.5,36 Alcohols have a higher and more rapid kill rate than chlorhexidine, and third best is povidone-iodine.37 The bactericidal efficacy of 1-propanol can be regarded as superior to that of 2-propanol, and third best is ethanol.38 Either alcohol or sterile saline can be used to rinse the surgical scrub solution from the surgery site. Alcohol does not inactivate chlorhexidine gluconate in vitro and has no significant effect on its protein-binding property in vivo.37 However, isopropyl alcohol rinse can inactivate hexachlorophene-based preparations (e.g., pHisoHex).10,39,40 Alcohol is a commonly used rinse in veterinary hospitals39 and is preferred over sterile saline when used for soaking sterile sponges in “community” jars, because it is more likely to maintain sterility of jar contents over the long term.40 Isopropyl alcohol potentiates the antimicrobial efficacy of povidone-iodine by increasing the release of free iodine, so it should be used as a rinse after this surgical scrub.41,42
 
 Chlorhexidine Chlorhexidine diacetate (2%) and chlorhexidine gluconate (4%) have a rapid onset of action and a persistent effect43 but variable and inconsistent activity against viruses and fungi (see Table 9-6).8 Chlorhexidine binds to protein of the stratum
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 regimen on corresponding clipped sites.51 Although a scrub with povidone-iodine, followed by a 24-hour soak in povidoneiodine solution, could reduce bacterial numbers on the surface of the equine hoof, especially if the superficial layer of the hoof capsule was removed, bacterial populations capable of inducing wound infection still remained.52 The toxicity of iodine-releasing compounds is low, although individual sensitivities can occur and some horses may develop skin wheals about the head and neck (e.g., at the laryngoplasty site). Undiluted povidone-iodine solutions have no effect on numbers of viable bacteria in wounds, and povidone-iodine surgical scrub can potentiate infection and inflammation.47 The practice of lavaging the peritoneal cavity with povidone-iodine has been abandoned because of evidence that even dilute solutions can cause a sterile peritonitis in ponies and induce metabolic acidosis.49,53 Although 0.1% povidone-iodine has been reported to be bactericidal and to have minimal deleterious effects on the equine tarsocrural joint, it was ineffective in the treatment of experimental infectious arthritis in horses.54,55 Concentrations greater than 0.05% in vitro can disrupt neutrophil viability and migration.56 A one-step surgical preparation technique using DuraPrep Surgical Solution is as effective as a two-step povidone-iodine preparation.41 The antimicrobial properties of the solution are the result of 70% isopropyl alcohol in an iodophor-polymer complex that forms a water-insoluble film with sustained chemical and physical barrier properties on skin.41 In a study on skin preparation for ventral midline incisions in horses undergoing celiotomy, DuraPrep was as effective as povidone-iodine and alcohol in reducing colony-forming units (CFUs) up to the time of skin closure, and both methods had comparable rates of incisional drainage.57 However, preparation time was significantly shorter for DuraPrep than with the routine skin preparation technique.57 Antimicrobial film drapes with adhesive backing (Ioban 2) contain an iodophor and come in different sizes that make them suitable for equine surgery. After the skin has been prepared with an accepted surgical scrub, it is rinsed with isopropyl alcohol and may need to be dried with a sterile towel to improve adherence.57 In some clinics, the proposed surgery site is shaved with a size 40 blade to improve adherence beyond that achieved by clipping.57 A medical grade adhesive spray can also be used (Medical Adhesive, EZ Drape Adhesive), but this is not essential. Adherence to smooth flat surfaces, such as the ventral abdomen, may be better than to the irregular contour of a joint. A tight adherence of the drape in areas of complicated contours can be achieved by applying the adhesive drape circumferentially while pressing the excess edges of the drape tightly together behind the limb on the side opposite the surgical site. Care should be taken that small pieces of the drape not be torn off and dragged into joints by arthroscopic instruments, to end up as freefloating objects in the joint cavity. Although iodophor skin preparations do not produce a radiopaque artifact on intraoperative radiographs, folds in iodophor-impregnated plastic drapes can produce confusing radiographic images. The value of antimicrobial adhesive drapes is questionable.37 In a study on human patients undergoing hip surgery, bacterial contamination of the wound at the end of surgery was reduced from 15% with conventional preparation to 1.6% by use of an iodophor-impregnated plastic adhesive drape (Ioban).58 In a prospective randomized clinical trial on 1102 patients, isolates of normal skin organisms were less frequent when an
 
 iodophor-impregnated plastic incise drape was used in clean and clean contaminated abdominal procedures than when the drape was not used.59 However, no difference was found between wound infection rates for patients on whom the iodophor drape was used compared with those patients on whom it was not used.59,60 In a study on dogs that underwent elective ovariohysterectomy or stifle surgery, adhesive incise drapes did not reduce wound contamination based on number of CFUs counted for positive cultures from the surgical incisions.61 Although it is logical that skin flora reduction might translate into reduced surgical site infections, that relationship has not been established in this or other studies.62
 
 Chlorhexidine versus Povidone-Iodine In tests with E. coli and S. aureus on canine skin, 2% chlorhexidine diacetate was superior to hexachlorophene and povidoneiodine in rapid removal of bacteria and in residual activity.63 In another study, chlorhexidine and povidone-iodine were effective in reducing bacteria from the surgeons’ hands, but the apparently greater residual effect of chlorhexidine (120 minutes) was not statistically significant.64 Such a residual effect could be of value during long surgical procedures, in which rates of glove puncture could be as high as 17% and many perforations are unnoticed by the surgeon.65 In one study, 4% chlorhexidine gluconate was found to be superior, on the basis of efficacy and prolonged effects, to 7.5% povidone-iodine throughout a 3-hour period after hand antisepsis.66 Compared with iodine preparations, chlorhexidine preparations are less susceptible to inactivation by organic debris.43 Although chlorhexidine’s wider range of antimicrobial activity, longer residual action, minimal inhibition by organic material, and greater tolerance by skin would render it superior to povidone-iodine, both agents perform comparably in the surgical setting.37 In a prospective randomized study of 886 human patients, there were significantly fewer wound infections with chlorhexidine preparations for surgical hand washing and patient skin preparation than with povidone-iodine (hand washing and skin preparation) in operations on the biliary tract and in “clean” nonabdominal operations; however, there were no significant differences in a number of other types of surgery.67 The authors concluded that “on the evidence of this study, there is no overwhelming case for using one compound rather than the other as an all-purpose preparation and scrub.”67 The preceding results were confirmed in a study on cattle, which showed that povidone-iodine and 4% chlorhexidine gluconate scrubs rinsed with 70% isopropyl alcohol decreased skin microflora and had similar frequencies of surgical wound infection.55 CFUs were lower with chlorhexidine and alcohol immediately after scrubbing, but there was no difference in residual effect between the two scrubs.68 In an experimental comparison in dogs between povidone-iodine and 70% isopropyl alcohol rinse, 4% chlorhexidine gluconate with 70% isopropyl alcohol rinse, and 4% chlorhexidine gluconate with saline rinse, there were no significant differences in percentages of bacterial reduction immediately and at 1 hour after scrub, and the percentages of negative cultures and cultures with more than 5 CFUs.39 However, when the study was repeated in a clinical trial on 100 dogs undergoing a variety of procedures, 4% chlorhexidine gluconate with 70% isopropyl alcohol rinse was not superior to povidone-iodine and was actually inferior in residual microbial activity.40 However, this was based only on percentage of
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 negative cultures, and the overall postoperative infection rate was too low to allow a meaningful statistical comparison.40 In a recent study on human adults undergoing clean contaminated surgery in six hospitals, enrolled patients were randomly assigned to a skin preparation at the surgical site with a preoperative scrub with an applicator that contained 2% chlorhexidine gluconate and 70% isopropyl alcohol (ChloraPrep), or preoperative scrub and then the site painted with an aqueous solution of 10% povidone-iodine (Scrub Care Skin Prep Tray).69 Chlorhexidine-alcohol was significantly more protective than povidone-iodine against both superficial incisional infections and deep incisional infections.69 The benefit for the chlorhexidine-alcohol scrub was a 41% overall reduction in infection rates and elimination of 50% of S. aureus infections.69 This is consistent with findings of other studies,70 including one that demonstrated an approximately 50% reduction in catheterassociated infections after a chlorhexidine-alcohol solution compared with povidone-iodine.71 However, in a single hospital study on general surgery patients, the lowest surgical site infection rate was obtained with iodine povacrylex in isopropyl alcohol (DuraPrep) compared with 2% chlorhexidine and 70% isopropyl alcohol (ChloraPrep) and with povidone-iodine scrub paint.62 Both iodine preparations were superior to chlorhexidine in that study, which unfortunately suffered from some limitations in experimental design.62 Therefore these conclusions must be considered in that context. Based on the available evidence, chlorhexidine would appear preferable to povidone-iodine for preparation of surgery sites and the surgeon’s hands. Povidone-iodine solutions are inferior to chlorhexidine for wound lavage.72 Also, an undesirable side effect with povidone-iodine is a greater risk of skin reactions than with chlorhexidine preparations, as demonstrated in dogs39 and observed in horses. However, chlorhexidine is more expensive than povidone-iodine.8
 
 Hydroalcoholic Solution versus Chlorhexidine and Povidone-Iodine A new study surveying 951 ACVS and 349 ECVS diplomates, with a return rate of 42.6%, revealed that 81.4% of the surgeons used chlorhexidine, 12.2% povidone-iodine, and 6.7% hydroalcoholic solution (Sterillium) for presurgical hand desinfection.73 The same study reporting preliminary data revealed significant differences between the three products tested in immediate and sustained activities. The hydroalcoholic solution showed a significant reduction of CFUs after presurgical hand antisepsis compared to povidone-iodine and a significant reduction after 3 hours of gloving compared to the other two products. As a matter of fact, the hydroalcoholoic solution  led to an additional reduction of CFUs during the 3-hour gloving period. This study shows that a solution consisting of 45% 2-propanol, 30% 1-propanol, and 0.2% mecetronium ethylsulfate is more effective in reducing bacterial counts on hands before surgery in a veterinary setting than are chlorhexidine and povidone-iodine soap. Nevertheless it is only a small, mainly European group that uses this effective hand antiseptic. Sterillium is currently not available in the United States. However an ethanol-based product (Sterillium is propanolbased), Avagard (61% ethanol and 1% chlorhexidine gluconate), is currently only available in the United States. Very few trials have been performed with this product, although one
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 study comparing the infection rates in pediatric urologic procedures found no differences between using Avagard and scrubbing with an antiseptic-impregnated hand brush.74 In another study, the antimicrobial efficacy of the product was shown to be superior to 4% chlorhexidine scrub and 61% ethanol alone, both immediately after use and after 6 hours.75 A crossover trial conducted by the prEN 12791, however, could not demonstrate the effectiveness of Avagard as a suitable surgical hand disinfection method because the product did not meet the requirements for either immediate or sustained effect in comparison to the reference alcohol.76
 
 Octenidine Octenidine dihydrochloride is a cationic antiseptic that belongs to the bispyridine class of chemicals. It has activity against Gram-positive and Gram-negative bacteria.77 It was effective in oral hygiene, preventing plaque and gingivitis, as a whole body wash for methicillin-resistant S. aureus decolonization78 and for skin disinfection of premature newborn infants.79 Octenidine concentrations of less than 1.5 µM (0.94 µg/mL) reduced each microbial population by more than 99% within 15 minutes. Staphylococcus epidermidis was the most susceptible of the test organisms, and E. coli and Candida albicans were the least susceptible. Octenidine was more active than chlorhexidine against each test strain. This antiseptic has not been established in veterinary medicine for skin preparation, but it is used for wound cleansing.
 
 Phenols Phenol, cresol, and other coal tar derivates, such as hexachlorophene (pHisoHex; see Table 9-6), are generally considered to be inferior to chlorhexidine and povidone-iodine.10,37 Hexachlorophene has a relatively slow onset of action but a prolonged residual activity, and it is not adversely affected by organic materials. Hexachlorophene-based preparations are inactivated by alcohol.10,37 Use was largely curtailed after hexachlorophene was shown to be neurotoxic at levels obtained with dermal exposure.80
 
 Quaternary Ammonium Compounds Quaternary ammonium compounds, such as benzalkonium chloride, are cationic surfactants that dissolve lipids in bacterial cell walls and membranes.81 Drawbacks to the group are ineffectiveness against viruses, spores, and fungi; formation of residue layers; and inactivation by common organic debris and soaps.9
 
 Miscellaneous Hydrogen peroxide is used to clean severely contaminated wounds, but it is a poor antiseptic and is mainly effective against spores, and concentrations lower than 3% are damaging to tissues.82 Chloroxylenol, or parachlorometaxylenol, a synthetic halogen-substituted phenol derivative, and triclosan, a diphenyl ether, do not appear to offer any advantages over the more commonly used antiseptics in veterinary medicine.37,65,83 Current trends in surgical hand disinfection have evolved very rapidly in the last several years and now include alcoholbased and quaternary ammonium compounds using brushless
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 techniques. A complete discussion on these newer products and techniques can be found in Chapter 10, under “Surgeon’s Skin.”
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 Having the capacity for sound clinical judgment is the ultimate characteristic of the mature veterinary surgeon. To attain this capacity, the surgeon needs to be able to provide an accurate assessment of operative risk. This can be done only if there is thorough preparation of the surgical patient combined with knowledge of the primary problem, experience, and an open mind.
 
 extent of the procedure, number of associated illnesses, and projected surgery time. Although the surgeon can informally consider all this information and make a guess as to the surgical risks based on experience in similar cases, formal assessment schemes are useful and their adoption is encouraged. Two main components comprise a logical formal determination of surgical risk: the primary disorder and the general health of the patient.
 
 ASSESSMENT OF OPERATIVE RISK
 
 Primary Disease
 
 When determining operative risk, each surgeon must consider the relative rewards and risks in treating a specific illness.1 The surgical risks encompass not only the odds of surviving surgery but also the long-term prognosis, the potential for the develpoment of complications, and the patient’s future use and quality of life.1,2 Basic factors affecting operative risk include age, overall physical status, elective versus emergency operation, physiologic
 
 Primary diseases with a tendency to progress rapidly and involve other body systems are associated with more risks than those that progress slowly and do not affect the patient’s systemic health. The procedure’s invasiveness and potential for complications are also considered in risk assessment. Complications and the risk of death increase with the duration of surgery. The risk of surgery also varies with the system
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 involved. For example, diseases involving the gastrointestinal tract have a tendency to cause shock and sepsis early in their course. Elective orthopedic surgery has a much lower associated risk than nonelective general surgeries and major trauma. When emergency surgery is necessary, the surgical risk increases. When a disorder is fatal without surgery but has the potential for a surgical cure, surgery is likely to be recommended despite a high surgical risk.
 
 General Health Assessment Surgery and anesthesia are never without risks, and unexpected complications can occur even in the healthiest patient undergoing a minor procedure. However, the risks are increased by a variety of conditions. Risk is increased in the very young and the very old patient. Neonatal animals are predisposed to hypothermia, hypoglycemia, and infection. Morbidity and mortality increase with age in human and veterinary surgical patients.2 The effects of concurrent disease on an animal’s general health are important determinants of surgical risk. Animals with normal physical findings and no history of cardiovascular, respiratory, renal, or liver disorders have a relatively low surgical risk. Additionally, the preoperative nutritional status is an important determinant of surgical risk (see Chapter 6). Cachectic animals may experience delayed wound healing and a higher incidence of postsurgical wound infection and susceptibility to multiple organ disorders. The importance of establishing the physical status cannot be overstated. The American Society of Anesthesiologists (ASA) has
 
 created a classification system for human patients based on evaluation of their physical status, and the rankings can be used to determine surgical risk (Table 10-1). In humans, physical status was second only to albumin level in its accuracy in predicting survival and postoperative complications.3,4 Similar findings were observed in high-risk canine surgical patients: 92% of canine patients assigned to ASA class II survived, compared with 73% in class III and 38% in class IV.5 In fact, in a recent study on surgical site infections in 97 human hospitals, admission illness severity was significantly associated with higher mortality and increased length of stay and cost.6
 
 Personal Relationships A bond of communication, cemented with personal responsibility, is established between the surgeon and the client (usually the animal’s owner), whenever a surgical procedure is being considered. The confidence of the well-informed client is based on a true understanding of the situation, which allows the client to participate in decisions regarding operative risks, outcomes, the process of postoperative recovery, and financial implications. Legal action is rare when a careful effort has been made by the veterinarian to achieve such understanding before a surgical intervention. Veterinary surgeons should also appreciate the importance of an effective relationship with the referring veterinarian. In many situations, patients are referred to surgeons by veterinarians with valuable skills and expertise. It is important to understand the wishes and views of the referring veterinarian.
 
 TABLE 10-1.  American Society of Anesthesiologists Classification System for Physical Status and Recommended Tests for Each Class Physical Status Definition I II III
 
 IV
 
 V
 
 E
 
 Recommended Laboratory Tests Example
 
 Healthy with no organic Elective procedures not disease necessary for health (ovariohysterectomy) Local disease with no Healthy nonelective surgery systemic signs (skin laceration, simple fracture) Heart murmur, anemia, Disease causes pneumonia, mild chest moderate systemic trauma, moderate signs that limit dehydration function Disease causes severe Gastric torsion, diaphragmatic systemic signs and hernia, severe chest trauma, threatens life severe anemia, or dehydration Moribund, not expected Endotoxic shock, severe trauma, multiorgan failure to live for more than 24 hours with or without surgery Emergency Qualifier of previous classes
 
 Minor*
 
 Major†
 
 Prognosis
 
 PCV, TP, urine specific gravity
 
 CBC, U/A, surgical panel‡
 
 Excellent
 
 PCV, TP, urine specific gravity
 
 CBC, U/A, surgical panel‡
 
 Good
 
 CBC, U/A, surgical panel‡
 
 CBC, U/A, Fair biochemical panel§
 
 CBC, U/A, CBC, U/A, Guarded biochemical panel§ biochemical panel§ CBC, U/A, CBC, U/A, Grave biochemical panel§ biochemical panel§ PCV, TP, urine specific gravity
 
 Depends on facilities Variable available
 
 CBC, Complete blood cell count; PCV, packed cell volume; TP, total protein; U/A, urinalysis. *Duration less than 60 minutes. Duration longer than 60 minutes or patients older than 7 years. ‡ Surgical panel: urea, creatinine, alkaline phosphatase, alanine aminotransferase, glucose, sodium, potassium, chloride, and total protein levels. § Biochemical panel: the full panel is the surgical panel tests plus bicarbonate, anion gap, calcium, phosphorus, cholesterol, total bilirubin, γ-glutamyltransferase, and albumin levels. †
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 Differences in judgment must be discussed. Both the surgeon and the referring veterinarian should be aware of the expected course of treatment and the extent of the referring veterinarian’s participation in postoperative care. This prevents communication errors and contradictory efforts. True informed consent is attained when there is a full and frank discussion with the client in the presence of an appropriate professional witness.1 The surgeon should record a summary of this encounter in the hospital chart. The surgeon should also record why the operation is needed, the operative risks, and the problems anticipated intraoperatively and postoperatively. When a condition is expected to have a clinically significant course beyond the duration of the early follow-up period, the client should be told how much continuing commitment will be needed.
 
 PREPARATION OF THE SURGICAL PATIENT History The first step in the assessment of a patient is interviewing the owner to determine the animal’s medical history, its overall health, and the impact of the presenting complaint.2 At this time, the surgeon should determine the owner’s wishes and expectations. The patient’s signalment should be reviewed to determine the potential for problems related to age, breed, and sex. Questions about the animal’s general health and environment can contribute to making the diagnosis. The animal’s intended use and the owner’s expectations of its future performance are explored to gauge the future satisfaction of the owner with the proposed procedure. Past medical problems should be discussed, because they may influence the outcome.
 
 Physical Examination Despite a surgeon’s natural tendency to focus on the presenting problem, a thorough physical examination should include an assessment of each system. A general physical examination determines the need for in-depth assessment and preoperative stabilization. It is this examination that is most likely to identify risk factors affecting surgical outcome.2 The animal should first be examined for general demeanor, nutritional status, and gait. Temperature, pulse, and respiration rate are noted because the respiratory and cardiovascular systems are emphasized. Finally, the affected area and related systems are evaluated. A physical status ranking, based on the American Society of Anesthesiologists classification system (see Table 10-1), should be assigned. This will allow a more accurate determination of what supplemental testing should be performed.
 
 Supplemental Testing Laboratory testing is not a substitute for the thorough examination, and all abnormal findings in the laboratory data should be interpreted in light of the initial physical findings. When abnormalities in the function of organs (e.g., the heart, kidneys, and respiratory system) are detected, testing may be expanded to include chest radiography, urinalysis, and biochemical profile. However, although preoperative tests that screen for clinically silent disease will not replace the physical examination, some basic laboratory data are recommended for use
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 with the American Society of Anesthesiologists classification system for physical status (see Table 10-1).
 
 Physiologic Preparation In preparation for elective surgery, steps should be taken to correct physiologic deprivations. Surgical procedures in chronically anemic patients should be delayed until the anemia can be corrected. If fluid deficits exist, plasma or fluids should be administered in appropriate volume, concentration, and composition (see Chapter 3). Although not all volume and concentration deficits need to be corrected before the surgery, a significant fraction of the total deficit should be replaced to enhance the safety of the anesthesia, even in emergency patients. Nutritional replenishment supplementation should be provided for a patient that awaits an elective operation if deficits are obvious. Infection is a major source of morbidity and a disconcerting source of mortality in some surgical patients. Badly injured or traumatized horses, and those that undergo an operation and survive despite the development of secondary shock and electrolyte disturbances, are at a very high risk for serious infection. Infection rates of surgical wounds in horses are higher than those seen in people and dogs. Overall infection rates for equine orthopedic surgeries have been reported to be 10%, compared with 4.7% in people, and 5.1% in dogs and cats.7-10 Infection rates for abdominal surgery in horses have been reported to be 25.4% and 30%.8,9 Therefore a primary consideration in preparing the patient is antibiotic prophylaxis. Because equine patients do not live in particularly clean environments, antimicrobial drugs are frequently administered prophylactically even for elective orthopedic surgeries. For additional information on surgical infections and management of sepsis, see Chapters 7, 9, and 85.
 
 Skin Preparation The patient is the primary source of pathogens involved in surgical wound infections and therefore should be groomed before surgery, or even bathed if the hair coat contains a lot of organic material, and the tail should be wrapped.10 Preparation of the surgical site should include hair removal and cleansing to remove dirt and oil and to reduce resident skin flora. The suggested procedure is to clip the entire surgical area using a No. 40 clipper blade, then scrub and apply an antiseptic solution. Additionally, wrapping the limb with a sterile bandage overnight reduces the chance of contamination in orthopedic cases. However, clipper blades used repeatedly without sterilization have high levels of bacterial contamination and therefore are a potential source of infection.11 Sterilization of clipper blades between uses has been shown to decrease bacterial counts and would lessen this problem. A study in humans revealed that using razors for the close removal of hair caused significant injury to the skin and increased bacterial colonization by altering wound defense mechanisms and delaying healing.12 Consequently, if the surgical site is to be shaved, it should be done immediately before surgery and not the night before. Clipping should be performed whenever possible outside of the surgical theater, as should the initial skin preparations. For surgical sites on the mid to distal limb, the hair from the elbow and stifle distad should be clipped circumferentially.
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 Figure 10-1.  Proper method of skin preparation. In the initial preparation, the scrub begins at the anticipated incision site (dotted line) and moves outward in expanding concentric circles. The process is repeated until the sponges are free of visible soiling.
 
 Additionally, the hair should be clipped 10 cm (4 inches) further proximad and distad relative to the intended surgery site to facilitate appropriate skin preparation and draping. If possible, only the final skin preparation should be performed in the surgical theater to prevent dust, dander, and exfoliated skin cells from contaminating the environment. The optimal scrub time for maximal reduction of skin flora and lowest wound infection rates has not been determined for the horse. A povidone-iodine or chlorhexidine diacetate aqueous or alcohol solution used for 10 minutes, alternating with an alcohol rinse, is currently recommended,13,14 and other scrub solutions are available (see Chapter 9). A recently available method of preventing infection is a cyanoacrylate-based microbial sealant (InteguSeal Microbial Seal, Kimberly-Clark), which mechanically blocks migration of pathogens to the surgical wound.15,16 It has been shown to reduce the pathogens commonly implicated in surgical site infections (SSIs) by 99.9% and improves the effects of povidine-iodine by fixing it on the skin and preventing it from being washed off. Another commonly used final application product that has a similar mechanism of action is DuraPrep Surgical Solution (iodine povacrylex [0.7% available iodine] and isopropyl alcohol, 74% wt/vol). Surgical scrubs are applied to an area starting at the expected surgical incision and moving outward in expanding concentric circles, extending to the outer margins of the clipped area (Figure 10-1). This maneuver is repeated, alternating rinse solutions with the antiseptic until the sponges are free of visible soiling. Then a final application of the disinfectant is applied and left in place. In the distal limbs, the entire circumference of the limb is aseptically prepared, applying the scrub at the proposed surgical site and expanding distad and proximad, as just described.
 
 Draping the Surgical Field Ideally, barrier materials prevent the movement of debris and bacteria from nonsterile areas onto the surgical field for the duration of surgery. Bacterial penetration is time dependent, and colony-forming units (CFU) increase after 90 minutes of surgery.17 Therefore drapes should be economical and easy to
 
 sterilize, and they should retain their barrier properties for at least 90 minutes, even after they are washed, sterilized, and reused. Woven fabrics that are intended for reuse consist of interlacing fibers that cross at right angles. The number of threads per square inch reflects the tightness of the weave, and the higher the number is, the tighter the weave and the more effective the barrier. Reusable woven fabrics fall into two categories: cotton muslin with 140 threads per square inch, and pima cotton with tightly twisted fibers woven into 270 threads per square inch (58 threads/cm2).2 The cotton muslin is not a good barrier. It instantly allows passage of bacteria when wet (termed strikethrough), and dry penetration of bacteria may also occur because its pore size is 50 to 100 µm, which is large enough to allow bacteria (5 to 12 µm) to pass through.18 On the other hand, pima cotton has a weave tight enough to prevent penetration by skin squames, but it readily allows penetration of bacteria when wet. A chemical treatment process, Quarpel, makes cotton fabric water resistant by providing a fluorochemical finish in combination with pyridinium or a melamine hydrophobe. This process renders pima cotton an effective barrier for up to 75 washings.19 It is necessary to record the number of washings each piece of fabric undergoes to ensure that it is replaced before the barrier properties become ineffective. A disadvantage of reusable woven fabrics is that they can sustain tears or punctures from towel clamps (therefore only nonpenetrating clamps should be used at the surgical site) and needles, which destroy their barrier function, although holes can be repaired with vulcanized fabric patches. These patches generally resist autoclave steam penetration, so this material becomes a less than ideal barrier. Disposable materials are made from cellulose, wood pulp, polyesters, or synthetic polymer fibers formed into sheets and bonded together. The barrier properties of the various nonwoven materials differ a great deal.17 Polymeric ingredients in these barriers tend to be more impermeable, but only those with a reinforced polyethylene or plastic film prevent moist and dry penetration at pressure points.2 Although disposable drapes result in lower particle counts in the operating room (because of the lack of lint from cotton), the air bacterial counts are similar to those of reusable drapes. However, they are reported to decrease the number of bacteria isolated from the surgical wound by up to 90% compared with the cloth draping systems, and surgical wound infection rates decrease by a factor of up to 2 1 2 .20,21 Because the difference between the two materials appears to be small, the choice is often based on economics and convenience. Even though the cost of single-use gown and drape sets is higher than for reusable sets, single-use sets provide the highest benefit rates. When large volumes of liquids are expected in the surgery (e.g., in colic and arthroscopic surgery), nonwoven disposable materials should be the material of choice for barrier drapes.22 Before moving the patient into the operating theatre, the patient should be covered with a clean drape and its feet should be covered with plastic bags or other water-impervious coverings to prevent contamination from the foot and distal limbs. After the patient is positioned in the room and the final preparation of the surgery site is completed, draping begins at the surgical site and moves outward. Drapes are applied to all visible surfaces of the patient, providing a barrier to aerosolization of debris from nonsurgically prepared portions of the animal’s skin. When applying drapes,
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 Figure 10-3.  After drapes are applied circumferentially above and below the surgery site, they are covered with a self-adherant drape. An extremity sheet for fenestration can be passed over the foot to complete the draping.
 
 Figure 10-2.  Four-quadrant draping method with separate drapes in each quadrant, leaving a rectangular area of the surgical field exposed. Note how the surgeon’s hands are protected by the drape.
 
 the surgeon’s gloved hands are positioned on the side of the drape away from the animal’s skin and are protected by curling the outer surface of the drape over the hands (Figure 10-2). The portion of the drape that is to be adjacent to the incision is positioned first and then moved peripherally to the desired location, never the reverse. It is desirable to drape closely, leaving no unnecessary skin exposed. Drapes are generally positioned in a four-quadrant method, with separate drapes in each quadrant, leaving a rectangular area of the surgical field exposed. It is recommended that this process be repeated to double drape the area immediately adjacent to the surgical site. Self-adhering drapes are helpful when larger areas need to be exposed for topographic orientation and palpation. The goal of multiple layers of draping is to build a waterproof barrier that extends to cover the entire patient. When the distal limb is draped, the quadrant method may be used. However, providing access to the entire circumference of the limb is often preferred, especially during orthopedic procedures. In such a case, the foot is often covered with a rubber glove, and circumferential draping is applied, by wrapping first around the foot and then around the proximal limb. Next, a self-adherant sterile drape (Ioban 2, Ethicon, Somerville, NJ) is applied over the foot and the half sheet that has been applied to the proximal limb. Then an extremity sheet with a fenestration is passed over the foot and secured around the limb proximal to the surgery site (Figure 10-3). Because there is a risk of contamination during draping, it is best to practice double gloving for the act of draping, removing the outer gloves immediately thereafter. The surgical field is defined by areas above and level with the surgical wound (Figure 10-4). Even if draped, areas below the level of the wound should be considered contaminated and not part of the surgical field.
 
 THE SURGICAL FACILITY With the increasing sophistication of surgical techniques and instrumentation available today, surgeries outside a proper
 
 Figure 10-4.  The surgical field is defined by the areas above and level with the surgical wound (shaded area). It is extended to include the front of the surgical gown from below the surgeon’s shoulders to the waist (shaded area). Areas that are not shaded should be considered to be outside the surgical field.
 
 surgical facility are becoming less common. If the procedure to be performed is expected to be lengthy, complicated, or sophisticated, use of a designated operating room is the standard of care. Surgical operating facilities should be equiped with separate induction, preparation, and recovery rooms. There should be a minimum of two surgical suites, so that clean procedures can be performed in one surgical suite dedicated to strict aseptic surgical procedures, and the other suite can be used for procedures on contaminated or infected sites (Figure 10-5). The surgery suite should be convenient to the work and have adequate room for the patient, anesthesia equipment and team, surgery team, and equipment. The average size of an equine operating room should measure 15 m2 (135 square feet). Separate induction and recovery rooms should be available for each surgical suite. Floors and walls should be surfaced so that cleaning is efficient, and drains should be placed so that water does
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 Figure 10-5.  Suggested layout for an equine surgical facility. Separate rooms are provided for clean procedures and for contaminated or infected procedures, and a central station supplies both suites. AE, Anesthesia equipment; CW, client waiting room; I, induction stalls; LB, laboratory bench; M, men’s dressing area; NS, nurses’ station; OR, operating room; PP, pack preparation and storage; R, recovery stalls; SR, scrub room; W, women’s dressing area.
 
 not pool anywhere in the surgical suite after cleaning. Drains should be of sufficient diameter to remove the material and should contain a flushing system so that they do not harbor potentially dangerous mixtures of blood, feces, and bacteria. One-way traffic should be maintained from the patient preparation area to the operating suite and then to the recovery room. After induction of anesthesia, the patient should be properly positioned on the surgery table and prepared for aseptic surgery, and then the table with the horse should be transported into the surgery suite. The suite should not be a high-traffic area, and proper surgical attire, including caps, boots, mask, and surgical caps, should be worn over the scrub suit when in the operating theater. A room temperature of approximately 20° C (70° F) with a relative humidity of 50% provides a comfortable environment.23 Air within the operating room should be under low positive pressure, so that when the doors open, air flows out of the room rather than into it. A minimum of 25 air exchanges per hour is recommended if the air is recirculated, and 15 air changes per hour if the air is exhausted to the outside. In selected human surgery suites, especially those used for joint replacement, laminar air filtering systems are installed to reduce the number of airborne microorganisms in the surgery suite. The filtering system measures about 3 × 3 m (Figure 10-6). The air is directed in a vertical flow of 0.5 m/sec initially through a rough, then through a fine, and ultimately through a highefficiency particulate air (HEPA) filter. The ultraclean air reaches
 
 the surgical field and is directed around the patient to the floor. From there it is aspirated into exhaust outlets located all around the walls at the ceiling. The air is recirculated through the filtering system. Ideally, the outline of the filtering system is marked on the surgery room floor, which facilitates the positioning of the surgery site, the instrument tables, and surgeons within the field (Figure 10-7). Such ultraclean filtering systems are rarely found in equine hospitals and may not be necessary. The door should be wide enough to allow the surgery table with the horse and other large equipment, such as the digital capture C-arm and radiography machines, to pass through easily. Electrical outlets should be located waist high or suspended from the ceiling so they do not become wet during cleaning of the room. Ideally, several locations for hooking up the anesthetic gases and the exhaust pipes of the anesthetic machine should be available. Also, devices should be placed in the wall to allow the application of traction pulleys for reducing fractures. Some provision should be made for emergency lighting, either by battery units or with an emergency generator that starts automatically when needed. At least one surgery light in each room should be wired to the emergency system. All cabinets should be recessed into the wall so that the floor can be adequately cleaned after each surgery. Viewing windows are desirable in operating rooms. This is done not only for direct viewing from a doctor or nurse’s station but also so the public can view surgeries from an outside hall. Another option is the installation of a closed-circuit video camera system, which can
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 Figure 10-6.  Schematic drawing of a laminar air filter system. The surgical site, the surgeons, and the instrument tables must be situated in the field of filtration. a, Blower to force filtered air through the pores in ceiling. b, Laminar air filter in the ceiling (frequently illuminated). c, Laminar air stream gently falling towards the floor. All objects within the field are surrounded by this air. d, Once at or near the floor, the air is directed toward the periphery, and some of it is lost through doors and other openings. The rest is gently pulled up toward a filter system mounted along the walls in the ceiling. e, After being extensively filtered and mixed with clean air from outside, the air is directed through the blower (f), again and reentered into the cycle.
 
 Figure 10-7.  View into the aseptic surgery suite of the Equine Hospital, University of Zurich. a, The laminar air filter is illuminated. b, The grey area marked on the floor delineates the extent of the filter field. The surgery site, the surgeons, and the instrument tables need to be located within this field during surgery. (A mobile Haico, surgery table [Loimaa, Finland] is shown in the room). c, A movable video camera (left) is mounted on the ceiling together with a video screen.
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 be operated by the owners or students from an observation room distant from the surgery facility. Biosecurity and infection control practices are becoming more important considerations when designing the surgcial facility, especially if the surgical caseload is large.24 Ultimately the success and reputation of a surgical practice can depend on having surgical personnel trained in infection control with awareness toward SSI and the impact of antimicrobial-resistant microbes such as methicillin-resistant Staphylococcus aureus (MRSA) and Salmonella ssp.6,25,26 Sometimes the facility itself will prevent optimal minimization of SSI if the design does not support easy cleaning and proper storage of waste materials. It may behoove the director of the facility to enlist the advice of an infection preventionist in planning the facility, then training the personnel, and developing an effective infection control program.27 Infection control programs should include monitoring, surveillance, hygiene, disinfection protocols, and education.28
 
 THE OPERATING TEAM Scrub Attire The operating team consists of the people performing the surgery and administering the anesthesia, nonscrubbed assistants, and observers within the operating room. All individuals, regardless of their role in the surgical intervention, contribute to operating room contamination and potential infection of the wound. Therefore scrub suits, caps, masks, sweat bands, shoe covers, gowns, and gloves are worn to prevent shed particulates and microorganisms from reaching the surgery site. Scrub suits usually have separate pants and shirts and should be clean, comfortable, and dedicated to the operating room (Figure 10-8) Many blended cotton materials are available for this purpose. Although the design is relatively standard, optimally sized garments will cover the surgeon effectively from neck to ankle while leaving the arms exposed. The bottom of the scrub shirt is tucked into the pants to prevent shedding of hair, skin cells, and bacteria between the top and the pants. For those not needing to gown and glove for the procedure, longsleeved cuffed jumpsuits are also quite useful, because they provide a barrier against shedding of skin debris and microorganisms. The scrub suit should not be worn outside the surgery suite without being covered by a clean laboratory coat, and it should be laundered after each case or at least daily. This scrub clothing should be steam sterilized weekly to ensure removal of the microorganisms that can remain after routine laundering. Alternatively, bleach can be added to the laundry cycle to reduce the number of bacteria. Air in an operating room contains approximately 250,000 particles (bacteria, lint, and skin squames) and 11 to 13 bacteria per cubic foot.29,30 These particles and bacteria increase with the number of people and level of activity in the room, the amount of uncovered skin area, and the amount of talking. Bacterial levels in excess of 400 per cubic foot may be seen in a busy operating theater. Therefore barrier apparel is worn to minimize these numbers and their effect on surgical wound rate.
 
 Head Covers Human hair is a major source of bacteria. Because the uncovered hair of the surgeon, who stands over the incision, is frequently a major source of surgical wound contamination, head
 
 Figure 10-8.  Scrub suit recommendations. The scrub shirt should be tucked into the pants. Although not always practical, the pants legs may be tucked into boots or shoe covers. Peripheral personnel may wear long-sleeved tops with elastic cuffs to further limit transmission of skin debris.
 
 covers are worn to reduce the shedding of hair and bacteria. All people in the operating room should wear head covers—caps, hoods, or bouffants (Figure 10-9). These are available in reusable cloth and disposable nonwoven material and should cover all the hair on the head, including moustaches and beards. The reusable head covers should be washed after every
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 Figure 10-9.  Headcover styles are shown in order of increasing barrier capability, from left to right. Surgeon’s caps, bouffant caps, and hoods offer protection against shedding hair and debris into the surgical wound. Coverage by the old style surgeon’s cap is obviously limited compared with the other types.
 
 procedure (up to a total of 75 times and then, like the reusable drapes, discarded).
 
 Gowns Gowns provide an aseptic barrier between the skin of the operating team and the patient. The gown should be water resistant as well as comfortable and breathable. It should not produce lint. Gowns are packaged individually and folded so the interior back region is outermost, allowing this area to be handled without contaminating the gown’s exterior surface. Once the gown is donned, the sterile surgical field extends only above the waist (see Figure 10-4). Gowns, like the draping materials, can be made of either reusable woven fabric or nonwoven disposable material. The most effective barrier gown contains some type of polyester or plastic film over a breathable material. Preventing strikethrough when becoming wet is an attribute that is mandatory for surgical gowns. Gore-Tex gowns with double-layered barriers in the elbows, chest, and abdominal areas have become popular because they are comfortable and meet the necessary criteria. Gore-Tex is a barrier material consisting of an expanded film of polytetrafluoroethylene between two layers of fabric with a maximal pore size of 0.2 µm, which resists strikethrough by water and bacteria.31 It allows evaporation of perspiration, which increases comfort for the surgeon. Gore-Tex fabrics are more durable than Quarpel-treated pima cotton and will retain barrier quality characteristics for up to 100 washings.
 
 Gloves Surgical gloves are made of natural rubber latex and are provided in a sterile, single-use package. Gloves should fit tightly, because gloves that are loose will impair dexterity, but they should not be so tight that the surgeon’s fingers lose sensitivity. Modified cornstarch is preapplied to most gloves for easier application, and therefore the outside of the gloves should be rinsed before patient contact.32 Cornstarch is referred to as “absorbable powder.” Magnesium silicate (talcum) powder is no longer used in powdered gloves because it potentiates latex
 
 allergies and causes granulomas in patients even when gloves are thoroughly rinsed. However, even absorbable powdered gloves contribute to natural rubber latex allergies (which cause contact dermatitis), and the powder acts as an airborne carrier of natural latex proteins (which can cause respiratory allergies). Therefore most surgical gloves are treated with multiple washings to reduce the latex proteins. If allergies to latex develop, powderless latex gloves are available, which are chlorinated during manufacturing to decrease their tackiness. (However, these gloves do not store well, and inventory should be monitored to prevent use of these gloves beyond the expiration date, because failure becomes common.) Alternatively, vinyl gloves are available to eliminate this problem, although their performance is less desirable (i.e., dexterity is reduced). The accepted industry standard for surgical gloves is that 1.5% contain punctures before use.33 One study found that 2.7% of latex and 4.1% of vinyl gloves leak when filled with water. By the end of surgery, up to 31% of gloves have perforations, and when double gloves are worn, 16% to 67% of the outer gloves and 8% to 30% of the inner gloves contain perforations. Holes are most common on the thumb and index finger of the nondominant hand. Closed gloving techniques are preferred over open techniques because the surgeon’s skin will not contact the outside of the gown cuff. If soiling of the gloves is expected or extra protection is needed during a surgical procedure (i.e., during most orthopedic procedures), many surgeons elect to apply and wear a second pair of gloves. Cuffs of the surgeon’s gown should be completely covered, because cuff material is not impervious to water penetration. The use of plastic safety sleeves often helps when the surgeon’s hands and arms may be submerged, such as during colic surgery. Extrathick gloves are available for orthopedic surgeries, where there is an increased risk of puncturing the gloves from sharp bone spikes and implant materials.
 
 Face Masks Facial coverings are not effective bacterial filters. When properly fitted, they redirect airflow away from the surgical wound and in doing so reduce the potential for surgical wound infection
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 Surgeon’s Skin
 
 Figure 10-10.  Potential leakage sites of the standard surgical mask (arrows). Transmission of contaminants around the edges of the mask can be limited by properly conforming the nosepiece to the nose and tying the mask snugly.
 
 (Figure 10-10). Despite clinical reports that facial coverings do not reduce surgical site infections, the use of a face mask is considered mandatory during surgery. Tie-on face masks are tied over the head first, the wire on the top of the mask is fitted tightly over the surgeon’s nose, and the lower ties are pulled around and tied behind the neck.2 The mask should fit tightly around the sides of the face and over the tip of the chin. Cup masks with elastic bands provide a better fit and offer less chance of bacterial contamination. Disposable surgical face masks are recommended over washable gauze because of improved efficiency and comfort. Masks should be worn by all personnel entering the surgery room at any time. Failure to wear masks even when surgery is not in progress promotes contamination of the surgical area. Masks should not be removed and replaced, pushed on the top of head, dangled from the chin, or tucked in a pocket. Each of these common practices risks contamination of scrub clothing with bacteria from inside the mask, which may be transmitted to the patient. The effectiveness of masks and other barriers in a surgery room should probably not be relied on for more than 2 hours.2 A frequent change of masks, caps, and other apparel is warranted when this time period is exceeded. Bearded surgeons should wear a hood that covers all facial hair in addition to a face mask, which alone is insufficient.
 
 Foot Covers Disposable shoe covers are usually made of light nonwoven material and sometimes have polypropylene coatings to avoid strikethrough. Shoe covers help keep the surgeon’s feet dry and thus more comfortable during surgical procedures, but they are not believed to be useful in reducing the soil brought to the operating room floor in an equine surgery suite, because of the obvious soiling that occurs with this type of patient. Therefore, shoes dedicated to the operating room are a better option for reducing environment contamination; these shoes should never
 
 A surgeon’s hands have higher bacterial counts and more pathogenic organisms than the hands of other medical personnel because of increased exposure to scrub solutions (which irritate the skin) and contaminated wounds.34 The objective of a surgical hand scrub is to remove gross dirt and oil and decrease bacterial counts, and just as importantly to have a prolonged depressant effect on transient and resident microflora of the hands and forearms. Surgical scrub protocols are based either on scrubbing time or on stroke counting. Principles of the scrub procedure are standard. Fingernails are kept short, clean, and free of polish and artificial nails (chipped nail polish and polish worn for more than 4 days foster an increased number of bacteria on the fingernails, even after a surgical hand scrub).35 All surfaces of the hands and forearms below the elbow are exposed to antiseptic scrub. Special attention is paid to the area under the nails. The ideal scrub time is controversial, but 2 to 5 minutes seems to be safe and effective, depending on the agent used. Ten-minute scrubs are no longer used because they do not result in additional reductions in bacterial counts (and in one study, counts were increased) and are more irritating to the skin. A 2-minute scrub results in bacterial count reduction similar to that of a longer scrub.36 It is currently recommended that soft brushes or sponges be used for the first scrub of the day, but subsequent scrubs can be brushless. The residual activity of antisepsis is widely accepted as being useful in the preoperative disinfection of the surgeon’s hands. The residual activity of either chlorhexidine gluconate or alcohol chlorhexidine is reported to be superior to that of aqueous povidone-iodine against resistant bacteria. Therefore, for procedures lasting less than 1 hour, aqueous povidone-iodine is acceptable, but if the procedure is going to exceed 1 hour, either alcohol chlorhexidine or chlorhexidine gluconate is the antiseptic of choice.10 The primary objective of surgical hand disinfection is destruction or maximal reduction of the resident flora; the secondary objective is elimination of the transient flora. Surgical hand disinfection with alcohol-based hand rubs, many of which contain emollients, is growing in popularity over surgical hand washes made of an antiseptic-based liquid soap, because the rubs have a rapid and immediate action, do not require water or a scrub brush, are considerably faster than the traditional hand scrubs, and cause less skin damage after repeated use.10 Recent meta-analyses of human studies show that alcohol-based antiseptics or rinses and products, including povidine-iodine combinations, and alcohol rubs between scrubs are the most effective method of hand preparation.25,37,38 One large veterinary clinic in Europe (University of Zurich) uses a combination of three products in sequence. A disinfectant solution, Bactolin (Bode Chemie, Hamburg, Germany), is applied with a soft brush or foam pad as the initial wash. Then the hands are dried, and 10 mL of Sterillium (Bode Chemie, Hamburg, Germany) is applied for 3 minutes. Postoperatively, Baktolin Balm is applied for rehydration. Sterillium contains 2-propanol (45%) and 1-propanol (30%), and mecetronium ethyl sulfate (MES), a nonvolatile quaternary ammonium compound with skin soothing and mild antiperspirant effects. Manufacturer’s claims are exceptionally good skin protection and
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 skin care, even with long-term use; efficacy against a broad range of microorganisms and viruses (bactericidal, fungicidal, tuberculocidal, virus inactivating); and excellent residual effect. The manufacturer also claims that this preparation permits pene tration deep into the stratum corneum of the skin, where it forms a defensive barrier against organisms that emerge with perspiration. Bacterial examination after disinfection was conducted in two ways. The volunteer rubbed the distal phalanges of one hand (randomly selected) for 1 minute in a petri dish containing 10 mL of tryptic soy broth (TSB) supplemented with neutralizers (immediate effect). The other hand was gloved for 3 hours for the assessment of the sustained effect. After removal of the glove, sampling was done as for the immediate effect. From the sampling fluid, two 1-mL and two 0.1-mL aliquots were seeded, each in two petri dishes with solidified TSB. A 1:10 dilution of the sampling fluid in TSB was prepared, and two 0.1-mL aliquots of this were seeded as described earlier. Dishes were incubated at 37° C for 24 to 48 hours. For each dilution the mean number of colony-forming units (CFUs) scored in duplicate dishes was calculated. This was multiplied by the dilution factor to obtain the number of CFUs per milliliter of sampling liquid.25 The examination technique described earlier has confirmed that rubbing the hands with an antiseptic is significantly more effective than scrubbing with brushes.39 Hand rubbing with 0.2% chlorhexidine and 83% ethanol (Hibisoft) suppressed the number of bacteria and prolonged sterilization for more than 3 hours. In a study conducted according to two European standards for bactericidal efficacy, all alcohol-based surgical hand rubs (Sterillium and Softa Man) and the hand washes, chlorhexidine (Hibiscrub), and povidone-iodine (Betadine) fulfilled the requirements of a bacterial suspension test.40 However, only the hand rubs met the requirements of the in vivo test of efficacy on resident skin flora, and chlorhexidine failed that test. In another study on surgical hand scrubs, Sterillium was superior to Hibiscrub and alcoholic gels in terms of skin tolerance and microbicidal efficacy. A 1% chlorhexidine gluconate solution and 61% ethyl alcohol with moisturizers (Avagard) is currently in use as a hand cleaner in the United States. Advantages claimed are greater preservation of the skin’s own moisture, pliability, and integrity; rapid microbial kill; and activity against a wide range of organisms, including MRSA. It has been shown to have residual activity comparable to that of chlorhexidine gluconate alone and greater than that of aqueous povidone-iodine. A similar product, 0.5% chlorhexidine gluconate plus 70% isopropanol (Hibisol), has greater residual activity against clinically significant test organisms than chlorhexidine digluconate skin cleanser (Hibiscrub), povidone-iodine surgical scrub (Betadine), or 60% isopropanol. Despite growing evidence in favor of alcohol-based hand rubs for preoperative preparation, many surgeons remain reluctant to switch from an antiseptic soap to an alcohol-based hand rub. Large-animal surgeons pose a considerable challenge to methods employed in human hospitals, because they so often handle heavily contaminated areas on their patients before surgery. Therefore thorough prewashing is strongly encouraged before using alcohol-based hand rubs. Additionally, recently developed microbicide products containing substituted phenolic and quaternary phospholipids have 30-second kill times and are used in 2-minute brushless scrubs (Techni-Care). These products are less irritating to the
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 skin and are being used in several hospital applications, even including the direct applications to infected and open wounds. All of these products are recommended to be used with a skin balm after surgery to prevent the surgeon’s skin from drying with multiple uses.
 
 Staffing the Surgery Area Equine surgery requires a team of at least three people. A surgeon, an anesthetist, and a dedicated surgical technician form the minimal operating team for most efficient operation and least risk to the patient. The properly trained anesthetist allows the surgeon to concentrate entirely on the surgical procedure and must be able to restrain patients effectively, place catheters, calculate drug dosages, and be familiar with various sedative and anesthetic agents and regimens. The surgical technician becomes an extension of the veterinary surgeon and usually is more adept than the surgeon in the support areas. An operating room supervisor is important regardless of the size of the facility. The supervisor is responsible for ordering and stocking all supplies, maintaining a surgery log, and recording all controlled substances and their use. The dedicated surgical technician can fill this role. Additionally, a surgical assistant is invaluable, and technicians with the proper basic training skills and attitude can be acceptably competent in a relatively short time with minimal training, rounding out the team to a perfect four.
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 Surgical Instruments Jörg A. Auer
 
 Instruments are the verterinary surgeon’s best friends. It is therefore important to be surrounded by the “best friends possible.” In other words, for a specialist in veterinary surgery, it is very worthwhile to acquire top-quality instruments and to take good care of them. The veterinary surgeon can choose from an abundant selection of instruments manufactured predominantly for human surgery. However, the number of instruments specially designed for veterinary applications is steadily increasing. Practically speaking, the instruments used by a surgeon are determined by a combination of economics, predicted use, specialty considerations, and personal preference. The costs involved in the purchase of instruments are substantial and demand a clear understanding of manufacturing  procedures, maintenance, and potential applications during surgery.1-4 Surgical instruments are offered by a large number of manufacturers, all competing for the same customers. There are still no international standards for instrument quality. Therefore, caution must be exercised before purchasing instruments at bargain prices. When costs for replacement of prematurely worn-out instruments are combined with the frustrations encountered during surgery because of poorly functioning equipment, the higher costs of high-quality instruments are justified. On the other hand, some disposable instruments intended for human surgery can be used repeatedly by 
 
 veterinary surgeons, which reduces costs for such high-tech instruments considerably.
 
 MATERIALS A description of the different compositions of stainless steels used for manufacturing instruments is found in Chapter 75. Here, only some general comments referring to instrument materials are made. High-quality stainless steel has become the material of choice for most surgical instruments. In its various forms, hardened, corrosion-resistant stainless steel exhibits a number of desirable instrument characteristics, such as elasticity, tenacity, rigidity, ability to hold an edge, and resistance to wear and corrosion. Variation in the carbon content of the steel results in changes in the handling characteristics of the material to meet special needs. Currently, most stainless steels used for instrument  manufacturing contain a high content of carbon. Although high-carbon stainless steel is resistant to wear and allows the instrument to hold its sharp edge, tungsten carbide inserts have been introduced to replace stainless steel cutting and gripping surfaces (Figure 11-1).5 These inserts are even harder and more resistant to wear, prolonging the life of the instrument considerably. The bond between these inserts and the body of the instrument represents a potential problem area, because it may loosen
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 C Figure 11-1.  Three different types of tungsten carbide inserts for instruments. A, Serrated inserts. B, Smooth inserts. C, Tungsten carbide dust inserts. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 through frequent use and repeated sterilization.6 Although the inserts on the needle holders can be exchanged, tungsten carbide cutting surfaces in scissors cannot be replaced once they are damaged; instead, a new instrument has to be purchased. Some manufacturers offer a reduced price, if the original instrument was purchased through them.5 The fine edges and working surfaces required for microsurgery have led to the use of titanium alloys for this specialty instrumentation. Titanium alloys can be produced with excellent corrosion resistance and temperature strength. The brittleness of such alloys complicates the manufacturing process and dictates particular care during use and maintenance. Manufacturers’ recommendations for cleaning and sterilization of titanium alloy instruments should be closely followed. Recently, titanium nitrite–coated scissors became available. The glide quality is considerably improved by electrophysical smoothing, which results in fewer abrasions and reduced wear. The coating renders the surface three to five times harder, which multiplies the lifetime of the cutting edges and makes the instrument extremely resistant to scratches and other damage. The use of this material is also reflected in the increased cost of manufacturing and therefore also in the purchase price. Before the wide availability of low-cost stainless steel, many instruments were manufactured from chrome-plated carbon steel. The chrome plating provided corrosion resistance unavailable with carbon steel alone. Unfortunately, the chrome plating itself is susceptible to early deterioration from frequent rough use and exposure to acidic solutions. Failure of the chrome coating exposes the underlying carbon steel, allowing oxidation and rust formation. Although deteriorated instruments can be refurbished and replated, replacement with higher-quality, longer-lasting stainless steel instruments is more cost-effective and is strongly encouraged. Corrosion resistance can also be improved by the process of passivation. This process uses nitric acid to remove foreign
 
 123
 
 materials from the stainless steel surface, while covering it with a thin coat of chromium oxide. Both actions contribute to corrosion resistance of surgical stainless steel. Polishing provides a very fine instrument surface, further increasing corrosion resistance. One popular surface finish for increased corrosion resistance is a dull satin finish. Created by abrasion or sandblasting techniques, the satin finish reduces light reflection and thus eyestrain. A black finish, which serves a similar purpose, is also available. Gold electroplating of instrument handles does little to improve working surfaces but is generally recognized as a symbol of high-quality instrumentation. Instrument companies use various colors on the handles  to designate different quality of instruments or cutting edges. Sontec Instruments uses plain handles to represent standard quality instruments, gold handles for tungsten carbide (TC; see Figure 11-5) inserts, gold handles with an additional gold stripe or black anodized handles for power-cut blades (PC), which are the sharpest cutting edge available, and one gold and one black anodized handle for tungsten carbide inserts with power-cut blades. Hundreds of different instruments are available today, and it is impossible to know them all by name, function, and design. Frequently, instruments are modified and manufactured under different names. In this chapter, instruments are discussed in groups according to function, and differences within the groups are mentioned where appropriate.
 
 INSTRUMENTS FOR GENERAL SURGERY All surgeons must be familiar with all basic instruments, which will aid in the selection of the appropriate instrument for a specific procedure and expedite communication during surgery. The parts of a typical surgical instrument are identified in Figure 11-2. Specialty instruments will be covered in subsequent chapters where applicable. Instruments that fall into more than one category are described only once. Ring handle
 
 Shank Ratchet Box lock Jaws Tips
 
 Figure 11-2.  Top: Labeled parts of a typical surgical instrument. Bottom: End-on view of the ratchet mechanism. The ratchets should be slightly separated when the jaws are closed.
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 Scalpels
 
 Disposable Scalpels
 
 Steel Scalpels
 
 Disposable scalpels with nondetachable blades are frequently used in the field or for bandage removal. In a surgical procedure that requires no other instruments, such a scalpel may be used instead of opening an entire set of instruments.
 
 Scalpels are available with detachable blades, as disposable units with blades attached, and as reusable units with blades attached. In most clinics, scalpel handles with different detachable disposable blades are used (Figure 11-3). The No. 3 scalpel handle is the most frequently used and comes in different shapes (see Figure 11-3, A-C). Most surgeons prefer the No. 10 blade; the No. 15 blade is a smaller version in a similar shape (see Figure 11-3, E). The No. 11 blade is frequently used for stab incisions during arthroscopic surgery, and the No. 12 blade is used for periosteal stripping (see Figure 11-3, E). The No. 4 handle (see Figure 11-3, D) accepts larger blades such as No. 22 to 24 (see Figure 11-3, F) and is used in less delicate surgical procedures, such as debulking granulation tissue and resecting large wounds with proud flesh. A detachable blade should not be used in joints or deep within heavy connective tissues, where they could break off and be lost from view. The primary advantage of disposable blades is that replacement blades are consistently sharp. The reusable scalpel with attached blade has a single advantage over the disposable units: the blade will not detach when used in heavy connective tissue, within joints, or in deep tissue planes, where visibility and access for removal are poor. Ethylene oxide or gas plasma sterilization (see Chapter 9) is recommended, because heat and chemicals will dull the reusable blade.
 
 A B C D
 
 E F Figure 11-3.  Different types of scalpel handles and blades. A, Knife handle No. 3, fits surgical blades 10-15. B, Knife handle No. 3, long, fits surgical blades 10-15. C, Knife handle No. 4, fits surgical blades 20-25. D, Knife handle No 7, fits surgical blades 10-15. E, Different scalpel blades for the No 3 scalpel handles (f.l.t.r.): Nos.10, 11, 12, 15. F, No 22 scalpel blade fits scalpel handle. No. 4 (there are additional modifications of the blade available).
 
 High-Energy Scalpels High-energy cutting instruments include the electrosurgical scalpel, the plasma scalpel, the water scalpel, and various forms of lasers. Although their energy sources differ, they share a common cutting mechanism of action. Energy is focally transmitted to tissue, and the effect depends on the water content of the tissue. The result is vaporization of cells along the line of energy application, a variable degree of thermal necrosis of the wound edges, and a relatively bloodless incision. Electrosurgical incisions are by far the most frequent applications of highenergy cutting. Electrosurgery uses radiofrequency current to produce one or more of the following effects: incision, coagulation, desiccation, or fulguration of tissues. Most modern electrosurgery units use controlled high-frequency electrical currents ranging between 1.5 and 7.5 mHz.6 The predominant effect depends on the waveform of the current. Continuous undamped (fully rectified, fully filtered) sine waves provide maximal cutting and minimal coagulation, and they produce the least amount of lateral heat and tissue destruction.6 On the other hand, interrupted damped (partially rectified) sine waves maximize coagulation and minimize cutting capabilities. Modulated, pulsed (fully rectified, nonfiltered) sine waves allow simultaneous cutting and coagulation, or “blended” function. The magnitude of the selected effect is directly proportional to the duration and power (in watts) of the applied current.6 Because most modern units can be used with unipolar and bipolar instruments, adequate electrical grounding of the patient is required for the unit to function properly in the monopolar mode (Figure 11-4). The desired function (cutting or coagulation) can be selected by activating a button on the handle. Cutting and coagulation tips are available and can be exchanged as desired. Frequently, needles are used for cutting tissue because of their limited contact area, which reduces the amount of tissue necrosis. Correct technique dictates that the tissue be placed under tension and that the contact area of  the point be minimized to prevent adjacent tissue destruction. Skin and fascia incise easily, whereas muscle and fat are more easily incised using a cold scalpel. Units can also be used to coagulate vessels less than 1 mm in diameter (see Chapter 12). Coagulation time should be minimized to limit the amount of tissue destruction. The bipolar forceps for direct coagulation of smaller vessels speeds up hemostasis, because the vessel can be grasped directly by the bipolar forceps, bypassing the initial placement of a hemostatic forceps.
 
 Scissors Surgical scissors are available in various lengths, weights, blade types (curved or straight), cutting edge types (plain or serrated), and tip types (sharp-sharp, sharp-blunt, and blunt-blunt). The two most commonly used operating scissors for tissue dissection are the Mayo and the Metzenbaum scissors (Figure 11-5). The sturdier Mayo scissors, available in 14- to 40.5-cm (5 1 2 - to
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 Figure 11-4.  Electrosurgical instrumentation; a, electrocautery unit with capacity for monopolar modes of cutting and coagulation, and for bipolar coagulation mode; b, patient grounding plate; c, monopolar handpiece with thin knife; d, bipolar electrode forceps with connection cable; e, exchangeable electrodes for the monopolar handpiece.
 
 16-inch) lengths, should be used for cutting connective tissue. Metzenbaum scissors are reserved for delicate soft tissue dissection and should not be used for dense tissue dissection. They are available in 11.5- to 40.5-cm (5- to 16-inch) lengths. Specially designated and marked suture scissors are used during surgery to cut the sutures. It is important to use only the suture scissors for cutting sutures, because this job rapidly dulls the blades, making them less effective for soft tissue dissection.7 The Olsen-Hegar needle holders are equipped with cutting edges (see later) to cut sutures, which obviates the need for a special set of suture scissors. Suture removal scissors (Figure 11-6, A) are lighter in weight, and they have a sharp, thin point and a concave lower blade that facilitates blade placement underneath the suture, which reduces suture tension as it cuts. Wire-cutting scissors (see Figure 11-6, B) have been designed specifically for wire suture removal and are typically short and heavy and have serrated blades. Of the bandage scissors, the Lister (see Figure 11-6, C) and the all-purpose utility scissors are the best known. The lower blade of these scissors has a blunt tip that allows it to be inserted underneath the bandage without damaging the patient’s skin. The all-purpose scissors comes with a needle destroyer and a serrated blade (see Figure 11-6, D). The serrated blade reduces bandage material slippage during cutting. Both scissors can be autoclaved. As a general rule, scissors should be used only as intended by their design. Misuse dulls the edges and causes blades to separate, rendering them ineffective. Properly functioning  scissors should open and close with a smooth, gliding action, and their tips should meet when closed. Scissors should be sharpened only by a qualified person. Incorrect blade sharpening causes the metal to overheat and lose temper, and the
 
 cutting edges to become soft, resulting in loss of a sharp edge. Scissors with tungsten carbide inserts maintain sharpness longer. The insert can be replaced when dull.
 
 Needle Holders A needle holder is selected on the basis of the type of tissue to be sutured, the needle and suture material used, and personal preference. The grasping surfaces of the needle holders are crosshatched with a central longitudinal groove that facilitates the holding of curved suture needles. The two most commonly used needle holders are the Mayo-Hegar and the Olsen-Hegar (Figure 11-7). The Olsen-Hegar is a combination of needle holder and scissors and is available in lengths between 15 and 30 cm (6 to 12 inches). It allows the surgeon working without an assistant to place, tie, and cut suture material swiftly. Its major disadvantage is the occasional inadvertent and premature cutting of suture material, which occurs usually from inexperience with the instrument. The Mayo-Hegar needle holder (see Figure 11-7, B) has approximately the same shape as the Olson-Hegar, minus the scissors, and is available in lengths between 14.5 and 19.5 cm (53 4 and 7 1 2 inches). Both needle holders are available in various jaw widths. The choice of jaw width is based on the size of the needle. Narrow jaw widths are recommended for small needles to prevent needle flattening as the ratchet is tightened, whereas wider jaws prevent larger needles from rotating as they pass through dense tissue. The Mathieu needle holder (see Figure 11-7, C) is also popular in equine surgery. It lacks finger holes and has an open box lock that is released by further closing of the handles and is available in lengths between 14 and 20 cm ( 5 1 2 and 8 inches). Unfortunately, this can occur when a firm grip is applied to the
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 A
 
 B A
 
 B
 
 C
 
 C
 
 D D Figure 11-6.  Specialty scissors. A, Littauer stitch scissors. B, Wire suture scissors tungsten carbide serrated. C, Lister bandage scissors. D, Utility scissors. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 E Figure 11-5.  Scissors. A, Mayo scissors, power-cut, straight. B, Mayo Stille scissors, tungsten carbide, power-cut, straight. C, Freeman-Kay scissors, TC with ergonomic spread handle. D, Metzenbaum scissors, classic model, long style straight. E, Metzenbaum scissors, titanium nitrate coated. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 instrument while passing a needle through resistant tissue, which restricts its use somewhat. The efficient use of this needle holder requires practice. The needle holder is the instrument that receives the most use and, through its constant metal-on-metal action, the most wear. It is advisable to purchase good-quality needle holders with tungsten carbide (TC) inserts that facilitate needle grip and instrument durability. The inserts lack a longitudinal groove and are designed with pyramidal teeth to provide a nonslip grip on needles. Instrument life can be prolonged by choosing the appropriate needle for the size of the needle holder. The lock box will be damaged if the instrument is used
 
 to grasp too large a needle. Repair or replacement is necessary if the needle can be rotated by hand when the instrument is locked at the second ratchet position. New needle holders will hold an appropriately sized needle securely when locked in the first ratchet tooth.1
 
 Forceps and Clamps Forceps and clamps are available in many designs, each intended to perform specific functions or tissue manipulations. They range from simple thumb forceps to instruments con taining various hinge configurations and ratchet locks. The selection of appropriate forceps for inclusion in surgical packs can greatly facilitate some maneuvers. Improper use can compound tissue trauma during surgery, increasing inflammation and delaying healing. Also, improper use may alter the  shape of the jaws, rendering them useless for the intended application.
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 Figure 11-7.  Needle holders. A, Olsen-Hegar tungsten carbide (TC) serrated. B, Mayo-Hegar NH TC inserts. C, Mathieu TC serrated straight. (Reprinted with per mission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 23 34 45 D teeth teeth teeth Figure 11-8.  Thumb forceps. A, Tissue forceps with teeth, cross section details. B, Adson tissue forceps cross-serrated platform. C, Brown-Adson tissue forceps. D, Russian tissue forceps. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 12 teeth
 
 Thumb Forceps Thumb forceps (Figure 11-8) are designed to grasp and hold tissues and small objects, such as suture needles, and thus they serve as an extension of the surgeon’s fingers. They consist of two blades attached at the proximal end, and the tips come together to hold tissue as finger pressure is applied on the blades. The outer surfaces of the blades are grooved to increase digital purchase. Thumb forceps are distinguished by the configuration of the tips. Forceps with smooth tips (without grooves or teeth) crush tissues because a considerable amount of force is necessary to gain purchase on the tissues. These smoothtipped forceps are called traumatic (or anatomic) thumb forceps and should not be used for surgery. A variety of serrated and toothed (or surgical) thumb forceps are available. The serrations and teeth allow a secure hold on
 
 tissues with minimal digital crushing pressure. The most aggressive of the thumb forceps is the rat tooth or tissue forceps (see Figure 11-8, A), which is available with 1-to-2 to 4-to-5 (see Figure 11-8, A) interlocking tooth patterns and comes in lengths between 11.5 and 30 cm ( 4 1 2 and 12 inches). They are used primarily for manipulating skin and tough connective tissue. The Adson forceps has a 1-to-2 toothed tip but affords precise control of instrument pressure (see Figure 11-8, B). The Adson forceps is used to grasp thin skin and light fascial planes. The Brown-Adson forceps has two longitudinal rows of small, fine, intermeshing teeth (see Figure 11-8, C). The tooth configuration provides a broad but delicate tissue grip and facilitates grasping of the suture needle. The Russian forceps, which is not so frequently used, is very sturdy (see Figure 11-8, D). It has a broad, round tip with a grooved perimeter and a concave center. This
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 thumb forceps has a grip that is considered less traumatic than the Adson and Brown-Adson forceps, because pressure on the tissues is spread out over a larger area and it lacks teeth, making it less likely to tear or puncture tissue. The DeBakey (Figure 11-9) and Cooley forceps lack teeth but are still considered atraumatic forceps because of the serrations in the tips. These forceps are designed with longitudinal grooves and fine, horizontal striations that grip tissue without injury. They are considered ideal for vascular, thoracic, and intestinal surgeries. The DeBakey and Cooley serrated groove patterns are also available on hemostatic forceps.
 
 A
 
 3.5 mm, TC platform
 
 2.7 mm, TC platform
 
 Hemostatic forceps are crushing instruments, designed to collapse vessels until hemostasis occurs or until electrocoagulation or ligation is accomplished (Figure 11-10). Most of these forceps have transverse grooves on the inner jaw surface that increase tissue purchase. The Halstead mosquito forceps (see Figure 11-10, A) are the smallest and most frequently used of these. They are available in standard and delicate configurations, 
 
 2.0 mm, TC platform
 
 1.5 mm, TC platform
 
 Hemostatic Forceps
 
 B Figure 11-9.  Specialty forceps. A, DeBakey tissue forceps flat handle. B, DeBakey needle pulling forceps with tip illustrations. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 F E Figure 11-10.  Hemostatic forceps. A, Halstead mosquito standard. B, Kelly straight with the details. C, Crile, curved with details. D, Rochester-Pean with details. E, Rochester-Carmalt. F, Rochester-Ochsner. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 as well as in 9- and 12.5-cm (3 1 2 - and 5-inch) lengths, with thin or standard width, curved or straight jaws. They should be used only on small vessels. The Kelly and Crile forceps (see Figure 11-10, B and C) are sturdier hemostatic forceps. These instruments are available in a standard 14-cm (5 1 2 -inch) length, with curved or straight jaws. The two differ in that the transverse grooves are restricted to the distal half of the jaw on the Kelly forceps, whereas the entire surface is grooved on the Crile forceps. Both are used for manipulating larger vessels. To clamp large tissue bundles and vessels, Rochester-Pean forceps (see Figure 11-10, D) are recommended. They have deep transverse grooves over the entire jaw surface, are available in 14- to 30-cm (5 1 2 - to 12-inch) lengths, and come with straight or curved jaws. Rochester-Carmalt forceps (see Figure 11-10, E) are made to assist in pedicle ligation. Their jaw grooves run longitudinally with a few horizontal cross-striations at the  tips. The groove design facilitates removal during ligation. Rochester-Ochsner forceps (see Figure 11-10, F), available in 16- to 25-cm (6 1 4 - to 10-inch) lengths and with curved or straight jaws, have transverse grooves and 1-to-2 interdigitating teeth located at the jaw tip to help prevent tissue slippage. Rochester-Ochsner forceps are considered traumatic and should be reserved for use on tissue that is to be removed.
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 Tissue Forceps Tissue forceps (Figure 11-11) are available in many shapes and sizes, and for a variety of uses. Doyen-DeBakey intestinal forceps, when properly used, are the least traumatic to tissue (see Figure 11-11, A). They are manufactured with slightly bowed, flexible jaws with longitudinal serrations. The longitudinal serrations allow easy removal from the intestine. The instrument is available in 13- to 33-cm (5- to 13-inch) lengths with straight or curved jaws, and it can be obtained with a wing nut to secure the tips in a clamping position, which is especially useful for longer forceps. The tips of the jaws should just meet when the ratchet’s first tooth is engaged. The instrument will traumatize tissue if the ratchet is closed too tightly. Allis tissue forceps vary in length between 14 and 25 cm (6 1 2 and 10 inches) and form 4 × 5 to 5 × 6 teeth at the tip (see Figure 11-11, B). Designed to grip tissue, the teeth are oriented perpendicular to the direction of pull. The teeth can be traumatic, especially when excessive compression is applied to the handles, and this forceps should be used only on heavy tissue planes or on tissue that is to be excised. Babcock intestinal forceps, like the Allis tissue forceps, pull in a direction that is perpendicular to the tissue, but the Babcock forceps are considered less traumatic (see Figure 11-11, C). The instrument is available in lengths from 16 to 30 cm ( 6 1 4 to 12 inches) and has tip configurations that vary from standard to micro tip, to closed jaws, to TC. Sponge forceps are used to grab sponges and clean or swab specific tissues or cavities (see Figure 11-11, D). They are available as straight or curved instruments of 18- to 24-cm length (7 to 9 1 2 inches) with serrated or smooth fenestrated, oval tips. Hemostatic and tissue forceps should regularly be inspected for instrument wear and damage. When the instrument is closed, the jaws should align perfectly and the teeth, if present, should interdigitate. When clamped on tissue, the instrument should not spring open.
 
 C
 
 D Figure 11-11.  Tissue forceps. A, Doyen-DeBakey intestinal forceps straight. B, Allis tissue forceps. C, Babcock tissue forceps. D, Foerster sponge forceps, serrated straight. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 Clamps Satinsky clamps have atraumatic longitudinally grooved jaws that contain two bends. They vary in length from 17 to 28 cm (6 3 4 to 11 inches) (Figure 11-12). This type of clamp is mainly used for vascular surgery, because it provides a good view of the vessel held in the clamp.
 
 Retractors Soft tissue retractors are designed to spread the wound edges to facilitate exposure of the surgical field. A classification used by many manufacturers includes the finger-held, the hand-held, and the self-retaining retractors. All three types require an adequate length of incision to prevent tissue tearing when retraction is used. The finger-held and hand-held retractors require a surgical assistant.
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 Finger-Held Retractors
 
 Hand-Held Retractors
 
 Senn, Volkman, Meyerding, Farabeuf, and Parker retractors are typical representatives of this group (Figure 11-13). The Senn retractor (see Figure 11-13, A) is available with either blunt or sharp retractor prongs at one end and a right-angled fingerplate on the other. It is used to retract skin and superficial muscle layers, but is less useful for retracting a large muscle mass. The Volkman finger retractor (see Figure 11-13, B) is available with sharp or blunt retractor prongs and a single-ring handle. The Parker retractor (see Figure 11-13, C) are larger, with deeper, flat blades on both ends that allow the retraction of more tissue.
 
 Common hand-held retractors are the Army-Navy, Hohmann, Kelly, and Meyerding retractors (Figure 11-14). Army-Navy retractors are available in a standard 21.5-cm (8 1 2 -inch) length (see Figure 11-14, A). They have double-ended retracting blades of two different lengths, which allow the surgeon to select a blade according to tissue depth. Hohmann retractors are available in 16.5- to 24.5-cm (6 1 4 - to 93 4 -inch) lengths, and with blade widths from 6 to 70 mm (see Figure 11-14, B). The blade has a blunt projection that is useful in exposing bone while retracting the muscle in orthopedic and reconstructive procedures. The Kelly retractor (see Figure 13-14, C) has a loop handle and broad blade that projects at a right angle relative to the long axis of the instrument with a rounded, bent-down tip.
 
 A
 
 B
 
 C Figure 11-13.  Finger-held retractors. A, Senn retractor. B, Volkmann retractor. C, Parker retractor. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 Figure 11-12.  Satinsky clamp.
 
 A Figure 11-14.  Hand-held retractors. A, ArmyNavy retractors. B, Hohman retractor with an 18-mm blade. C, Kelly retractor. D, Meyerding retractor. E, Lahey retractor. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 Meyerding retractors are available with three different blade widths and depths (see Figure 11-14, D). The largest blade is 9 cm ( 3 1 2 inches) wide and 5 cm (2 inches) deep. The Lahey retractor (see Fig 11-14, E) has a smooth handle and a rectangular narrow blade that provides good tissue visibility. Self-Retaining Retractors The Gelpi, Weitlaner, Balfour, and Finochietto retractors (Figure 11-15) are representatives of the available self-retaining retractors. The Gelpi retractor has a grip-lock mechanism that maintains tension on its two outwardly pointed tips (see Figure
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 5˝
 
 E
 
 18 cm
 
 23 cm
 
 11-15, A). The instrument is available in sizes ranging from the 9-cm (3 1 2 -inch) pediatric size to the 20-cm (8-inch) standard size. The larger version is available with ball stops to prevent excess tissue penetration. There are two other variations on this retractor: a sturdy retractor for more robust tissues, and a deep angled version, which has longer shanks from the point of the angle to the tip. Weitlaner retractors range in size from 10 to 24 cm (4 to 9 1 2 inches) and are available with 2-to-3 or 3-to-4 outwardly pointed blunt or sharp teeth (see Figure 11-15, B). A hinged Weitlander retractor (see Figure 11-15, C) is also available in sizes between 14 and 20.5 cm (5 1 2 and 8 inches) containing
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 Figure 11-15.  Self-retaining retractors. A, Gelpi retractor. B, Weitlaner retractor. C, Weitlaner retractor with hinged blades. D, Adson Cerebellar retractor. E, Aanes retractor/speculum with the different blades. F, Balfour retractor. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 3 × 4 blunt or sharp prongs that allows placement of the prongs deep in the tissues. The Adson Cerebellar retractor (see Figure 11-15, D) has 4 × 4 sharp prongs that has either straight or angled arms, the latter, again, to facilitate seating the instrument deep in the incision. The Aanes retractor/speculum (see Figure 11-15, E) is a modification of the Finochietto retractor with the benefit that the blades can be exchanged for deeper exposure. The blades range from 13 to 28 cm (5 to 11 inches). The Balfour self-retaining abdominal retractor is available in 10- to 36-cm (4- to 14-inch) spreads and with 6.5- to 10-cm (2 1 2 - to 4-inch) deep, solid, and fenestrated side blades (see Figure 11-15, F). These retractors are distinguished as pediatric, adoloscent, and elite retractors and are used to allow vision into the depth of a body cavity, such as the abdomen.
 
 Towel Clamps Several types of towel clamps are available (Figure 11-16). Backhaus towel clamps are the most commonly used (see Figure 11-16, A) and are available in 9- and 13-cm (3 1 2 - and 5 1 4 -inch) sizes. The Jones towel clamps (see Figure 11-16, B) are springloaded and available in smaller sizes as 6- and 9-cm (2 1 2 - and 3 1 2 -inch) instruments. The Lorna-Edna towel clamps are nonpenetrating and therefore ideal for securing suction lines and cables to drapes (see Figure 11-16, C). These towel clamps are available as 10- and 14-cm (4- and 5 1 2-inches) sizes. Penetrating towel clamp tips should meet when closed, and they should be sharp and free of burrs.
 
 Suction Tubes There are three basic types of suction tubes available (Figure 11-17). The Yankauer tip is relatively large, allowing the removal of large volumes of blood or fluid from the surgical site (see Figure 11-17, A). The Frazier-Ferguson suction tube is available with a curved or straight tube (see Figure 11-17, B and C). It has diameters ranging from 4- to 15-French. The suction intensity of these tubes can be varied by placing the index finger over the hole on the handle. Both models are available in stainless steel and in disposable plastic. The Poole suction tube has multiple ports along the tube, making it ideal for use within the abdomen, where single-orifice tubes are easily plugged by omentum (see Figure 11-17, D).
 
 ORTHOPEDIC INSTRUMENTS A wide variety of instruments are available for orthopedic surgery. Those presented here are used outside the realm of fracture repair. For information regarding instruments used for reconstruction and fracture treatment, the reader is referred to Chapter 76.
 
 Rongeurs Rongeurs have opposed cupped cutting jaws that allow precise removal of bone, cartilage, and fibrous tissue (Figure 11-18). Most contain either a single- or a double-action mechanism and curved or straight jaws. The double-action rongeurs are stronger and have a smoother action. Ruskin rongeurs (see Figure 11-18, A) are available with 2-, 3-, 4-, 5-, or 6-mm wide jaws in straight, slightly curved, curved, and full curve shapes
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 A C Figure 11-16.  Towel clamps. A, Backhaus towel clamps. B, Jones towel clamps. C, Lorna-Edna towel clamps. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 Figure 11-17.  Suction tubes. A, Yankhauer suction tube. B, Frazier suction tube, angled. C, Frazier suction tube, straight. D, Poole suction tube. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 A
 
 B Figure 11-18.  A, Ruskin rongeur. B, Stille-Luer duckbill rongeur. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 B Figure 11-19.  Curettes. A, Burns curette with details of cup sizes 00000 to 6. B, Volkman curette. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 and are 15.5, 18.5, and 23  cm (6, 7 1 4 , 9 inches) long. They are available in black as well. The slightly larger Stille-Luer Duckbill rongeurs (see Figure 11-18, B) are available with straight or curved jaws in width-length combinations of  6 × 13, 6 × 15, and 8 × 18  mm.
 
 Curettes
 
 Full curve
 
 Curettes are easily recognized by their cuplike structure (Figure 11-19). The sharp, oval, or round edges are useful for removing diseased bone, cartilage, debris, and damaged tissue from dense tissue surfaces. Their shape also makes them ideal for harvesting cancellous bone grafts. A wide variety of sizes and types of curets are available. The Burns curettes (see Figure 11-19, A) have a straight or angled single oval cup at the end of a grooved handle, whereas the Volkman curettes (see Figure 11-19, B) are doubleended, having an oval cup on one end and an oval or round cup on the other.
 
 Side view
 
 Curve
 
 Straight
 
 Periosteal Elevators As their name suggests, periosteal elevators are designed to elevate periosteum and muscle attachments away from bone. Common elevators include the single-ended Adson, McIlwraith, and Foerner elevators and the double-ended Freer elevators (Figure 11-20). The Adson elevator (see Figure 11-20, A) is available with either a blunt or sharp, and a straight, curved, or full curve tip. The McIlwraith elevator (see Figure 11-20, B) has only a sharp tip, and the Foerner knife elevator (see Figure 11-20, C) is the sharpest of all, designed to free the attachment of the interosseus ligament from the proximal sesamoid bone. The double-ended Freer elevators (see Figure 11-20, D) are narrow and have one end that is blunt and one that is sharp.
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 Figure 11-20.  Periosteal elevators. A, Adson periosteal elevator with details. B, McIlwraith periosteal elevator. C, Foerner knife elevator. D, Freer periosteal elevator. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 Bone-Cutting Instruments Osteotomes, chisels, and gouges are all hand-held instruments that are used in combination with a mallet (Figure 11-21). Osteotomes (see Figure 11-21, A) are double-beveled at their cutting tip, and chisels are single beveled. The cutting widths vary from 2 to 38 mm (1 to 15 inches). The chisel (see Figure 11-21, B) tends to move away from the beveled edge. Therefore it needs to be applied at a somewhat steeper angle relative to its axis. This allows the chisel to move along the bone surface on its beveled edge. If the chisel is reversed, it tends to dive into the bone, leaving sharp edges on the surface. The chisel is the preferred instrument to remove exostoses, but when the direction of bone cutting needs to be more precise, it is better controlled with an osteotome. Common types for these three cutting instruments are Army-Navy, Hibbs, and Smith-Peterson. Gouges (see Figure 11-21, C) are easily distinguished by their concave shape. They are available in 4- to 30-mm (11 2 - to 12‑inch) widths. The mallet can be solid stainless steel or have an aluminum handle and a stainless steel head. Polyethylene-capped stainless steel heads are quieter and prevent the production of metal particle flakes during striking. There is a mallet available with a stainless steel head on one side that can be exchanged for a nylon head (see Figure 11-21, D).
 
 Bone-cutting forceps can be single- or double-action and straight or angled. The Liston bone-cutting forceps (Figure 11-22, A) are representatives of single-action, and Ruskin-Liston (see Figure 11-22, B) and Stille-Liston are double-action bonecutting forceps.
 
 Bone Clamps Bone clamps or bone-holding forceps come in a variety of shapes and sizes and are used for fracture reduction. Verbrugge, Kern, Stefan bone clamps are typical representatives thereof (Figure 11-23). The Verbrugge bone-holding forceps is curved to the side with one arm longer than the other, contains a speedlock, and is available in sizes from 15 to 29 cm (53 4 to 111 4 inches). Modifications of this forceps are a swivel jaw (see Figure 11-23, A) and a reverse jaw configuration that is more suitable in specific situations. The Kern bone-holding clamp has symmetric, straight, strong jaws and a ratchet at the end to maintain the bone-holding force (see Figure 11-23, B). It comes in sizes between 12 and 33 cm (4 3 4 and 13 inches) and is well suited for equine long bone fracture reduction. The Stefan boneholding forceps comes in sizes between 15.5 and 24 cm (6 and 9 1 2 inches) and contains a speedlock. The jaws are rounded and sturdy (see Figure 11-23, C). The bone-reduction clamp has two pointed and thin jaws (see Figure 11-23, D). It comes with either a speedlock or a ratchet; an extra-long ratchet is also available. This is the most frequently used bone clamp.
 
 Cerclage Wire Instruments A
 
 Instruments used for application of cerclage wires include flatnosed pliers, pointed pliers, and wire twisters (Figure 11-24). A universal flat-nosed plier/wire cutter is shown in Figure 11-24, A. The wire cutter is mounted on one side and cuts wires to
 
 B
 
 1100-461 Stainless head
 
 C
 
 A
 
 D Figure 11-21.  Bone cutting instruments. A, Smith Peterson osteotome. B, Chisel, also called elevator/raspatory; straight (top); curved (bottom). C, Smith Peterson gouge. D, Sontec bone mallet with removable stainless steel and nylon head. (Reprinted with permission from Sontec Instruments, Inc. Centennial, CO. 2010.)
 
 B Figure 11-22.  Bone-cutting forceps. A, Liston bone-cutting forceps. B, Ruskin-Liston bone-cutting forceps. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 A
 
 B
 
 B
 
 C Figure 11-24.  Cerclage instruments. A, Pin puller/side cutter. B, Waldsachs universal pliers. C, Axel wire twister. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 C versatile instrument for such an occasion (Figure 11-25, A). It accepts pins up to a diameter of 0.6 mm ( 1 4 inch). An extension can be applied to its back end to protect the surgeon from  the sharp pin end protruding behind the end of the chuck.  The small pins can be cut with a sturdy wire cutter (see Figure 11-25, B). Larger pins must be cut with a pin cutter (see Figure 11-25, C).
 
 D
 
 Trephines
 
 Figure 11-23.  Bone clamps. A, Verbrugge swivel jaw bone clamp.
 
 1.6 mm (2 3 inch). The universal pliers are pointed and allow excellent maneuvering of the wire in many different situations (see Figure 11-24, B). The Axel wire twister (see Figure 11-24, C) feeds each wire through a hole on the side of the blade and fixes the wires by closing the ratchet at the end. The instrument is subsequently pulled axially away from the bone while twisting the instrument evenly around its axis. This action twists the wire ends around each other. The same can be achieved by grabbing the wire ends with the flat-nosed pliers.
 
 Two types of trephines are available, Galt and Michele (Figure 11-26). Both are T-shaped and capable of drilling a cylinder of bone. The Galt trephine (see Figure 11-26, A) can cut bone at the end of the shaft and along the outside perimeter of the shaft. It is available in graduated sizes from 1.25 to 2.5 cm ( 1 2 to 1 inch) in diameter and has an adjustable central trocar. The trocar centers the trephine and stabilizes it until a circular trough is cut in the bone. The Michele trephine is available in graduated inner diameters of 0.6 to 3.1 cm ( 1 4 to 11 4 inch). It contains a graduated scale along its shaft, allowing the penetration depth to be measured. It cuts through bone on the end of the shaft only. The plug cutter trephine is similar to the Michelle trephine but has a saw blade–like front rim that is better suited for equine bone (see Figure 11-26, B). This trephine is available with diameters ranging from 3 mm inside/5 mm outside up to 22 mm inside/25 mm outside.
 
 Pin Insertion and Pin‑Cutting Instruments
 
 MICROSURGICAL INSTRUMENTS
 
 Pins are not frequently applied in horses, but occasionally the need arises. Aside from a drill, the Jacobs chuck is the most
 
 At present, reconstructive vascular and neural surgeries are rarely performed in equine patients. The exceptions are
 
 B, Kern bone clamp. C, Stefan bone-holding forceps. D, Bone-reduction clamp with extra-long ratchet. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
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 Figure 11-25.  Pin insertion and cutting instruments. A, Jacobs pin chuck. B, Big gold-cut Hercules wire cutter. C, Pin cutter. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 A
 
 thrombectomies, which may be performed with the help of catheters (see Chapter 13). Because horses are rarely used as research animals, microsurgical techniques play a minor role in this species. The microsurgical instruments used for ocular surgery can be found in Chapters 55 and 57.
 
 INSTRUMENT MAINTENANCE Proper care maintains long-term instrument serviceability. Instruments should be cleaned immediately after use. Sharp and delicate instruments should be separated from other instruments that may damage them. When washing them by hand, it is best to use warm water, a neutral pH detergent, and a soft bristle brush. Ultrasonic cleaners are more effective than hand washing; however, the manufacturer’s recommendations for type of water, such as deionized or distilled, and detergent used should be followed (see “Cleaning” in Chapter 9). If cleaning cannot be done immediately, instruments should be submerged, in the open position, in a solution of water and neutral pH detergent. Hard water, saline solution, and nonneutral pH detergents (dishwashing liquids) should be avoided, because surface discoloration, corrosion, and poor mechanics of the joints may result.7 Once cleaned, instruments should be rinsed with deionized or distilled water. Instruments with a working action should then be treated with an instrument lubricant (instrument milk). The lubricant, which often includes a rust inhibitor, should not be rinsed off. Instruments are then dried and stored or resterilized. A German group called Arbeitskreis Instrumentenaufbereitung (Working Circle Instruments Reprocessing) offers on its website (www.a-k-i.org) valuable information on the handling and use of surgical instruments. Several brochures can be downloaded and among those, Green Brochure discusses the handling of surgical instruments.
 
 B
 
 C
 
 Proper care of the instruments also must include the use of high-quality cleaning products. It is wise to use top-quality products, such as those offered by the Ruhof Corporation and distributed for veterinarians in the United States by Sontec Instruments, Centenial, CO, because these products significantly extend the life of the surgical instruments. Instrument refurbishing programs are available through most instrument manufacturers. In addition to resharpening cutting edges and replacing tungsten carbide inserts, instruments are cleaned, polished, and refinished to retard corrosion. Refurbishing generally costs less than replacement.
 
 IDENTIFICATION Instruments are frequently marked to identify their owner or the instrument set they belong to. Various identification methods are available. Commercially available engraving should be avoided, as should any other method that damages the surface of the instrument. Surface damage, with removal of the corrosion-resistant coating, will shorten instrument life. Electrochemical etching units are acceptable as long as they are properly used. After etching, the instrument must be thoroughly rinsed to neutralize the acid etching fluid. Autoclavable plastic tapes for instrument identification are available in different colors and are easy to apply. Color coding with tape does not harm the instrument’s surface. All instruments belonging to a specific set can be marked with the same color. This is helpful in large clinics, where different surgical teams work parallel to each other with different instrument sets. During cleaning and resterilization, instruments belonging to different sets may be mingled. The color coding allows easy and efficient separation. Poorly applied tape, however, may begin  to peel off, creating crevices that could harbor debris and
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 PACK PREPARATION AND STORAGE
 
 A
 
 3mm/5mm
 
 5mm/7mm
 
 10mm/12mm
 
 B
 
 20mm/22mm
 
 7mm/9mm
 
 12mm/14mm
 
 Tightly woven linen drapes have long been used to package instrument sets. Their disadvantages include short shelf life and the cost of laundering for reuse. Because microorganisms can fairly rapidly penetrate linen wrappers, it is prudent to double wrap the sets with linens. Safe storage times have been established7 (see Table 10-1). A variety of paper products have been developed to replace linen wrappers. Although these products share some of the disadvantages of linen, they offer longer safe storage times, because the sterilization process closes the pores within the sheet. As a result, these paper products cannot be reused and are therefore disposable, so laundry expenses are avoided. On the other hand, disposal costs and the burden on the environment through exhaust gases (e.g., CO2) from incinerators rise. Many of the newer paper wrappers handle like linen. Both paper and linen prevent visualization of the instruments within the pack. In the case of sets, this is not a problem because the contents are known. However, if instruments are separately wrapped, visualization is important. Therefore special wraps that consist of a sheet of paper on one side and a clear plastic sheet on the other have become popular. The plastic side allows the instrument to be seen inside, and the paper side allows steam or ethylene oxide to penetrate the package. Sharp points of instruments have to be covered by plastic or paper caps to prevent inadvertent damage to the paper layer. These wrappers are available in tube rolls in several sizes, and most of them contain sterilization indicators (see Chapter 10). The ends are heat sealed. Safe storage time is extended with this type of wrapping, but the paper side is still susceptible to microorganism penetration when wet. The best effect is achieved by double wrapping the instruments. Regardless of the type of wrapping chosen, the instruments should be loosely packed with the jaws slightly opened to allow circulation of steam, ethylene oxide, or gas plasma (Figure 11-27).7 All instrument packs should be dated and labeled for easy identification, as well as for resterilization if they are not used within the safe storage time frame. For prolonged storage life, the packs may be placed within a plastic envelope or into a glass closet. It is equally important to have the initials of the person wrapping the set marked on the set or pack. This allows direct communications with this person should an instrument be missing during the surgery. Lately, reusable metal sterilization containers enjoy renewed popularity, after having almost disappeared in the late 1980s
 
 22mm/25mm
 
 Figure 11-26.  Trephines. A, Galt trephine. B1, Plug cutter with obturator. B2, Plug-cutter tips. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 microorganisms. Proper selection of a tape marking system should include considerations of color, durability, and adhesive properties to ensure a long life once applied to the instrument. Higher-quality marking systems are frequently marketed through instrument manufacturing companies.
 
 Figure 11-27.  Example of a standard soft tissue set. The instruments are neatly arranged in a logical sequence.
 
 (Steriset Containers, Wagner GmbH, Munich, Germany) (see Figure 9-1). These containers are used for holding surgical instrument sets or textiles during vacuum steam sterilization procedures and for maintaining sterility of the contents during storage and transport under hospital conditions. They operate with either filters or valves. The filter units are single-use filters or reusable textile filters with known service life spans. SteriSet valve containers have a closed base and permanent stainless steel pressure-sensitive valves in the inner lid. The sterilization valves react to the change in pressure during the sterilization process. During the vacuum phase, the valves open upward, and the air and steam mixture can escape from the container. During the pressurization phase, the valves open inward and allow steam to enter the container. The system is automatically flushed and sterilized by the hot steam rushing through the valve with every sterilization cycle. Outside the sterilizer (i.e., during storage or transport), the valve is closed and serves as a barrier to microorganisms.
 
 REFERENCES 1. Hurov L, Knauer K, Playter R, et al: Handbook of Veterinary Surgical Instruments and Glossary of Surgical Terms. Philadelphia, 1978, WB Saunders. 2. Auer JA: Surgical Instruments. p. 134. In Auer JA, Stick JA, (eds): Equine Surgery, 3rd Ed. Saunders Elsevier, St. Louis, 2006. 3. Auer JA: Surgical Techniques. p. 151. In Auer JA, Stick JA, (eds): Equine Surgery. 3rd Ed. Saunders Elsevier, St. Louis, 2006. 4. Nieves MA, Merkley DF, Wagner SD: Surgical Instruments. In Slatter DH (ed): Textbook of Small Animal Surgery. 3 Ed. Saunders, Philadelphia, 2003. 5. Miltex Instrument Company: Miltex Surgical Instruments, Lake Success, NY, 2003, Miltex Instrument Company, Inc. 6. Fucci V, Elkins AD: Electrosurgery: Principles and guidelines in veterinary medicine. Comp Contin Educ Pract Vet 13:407, 1991. 7. Fossum TW, Hedlund CS, Johnson AL, et al: Surgical Instrumentation. p. 46. In Fossum WT, Hedlund CS, Johnson AL, et al (eds): Small Animal Surgery. 3rd Ed. Mosby Elsevier, St. Louis, 2007.
 
 SECTION II  SURGICAL METHODS
 
 138 
 
 CHAPTER
 
 12
 
  
 
 Surgical Techniques Jörg A. Auer
 
 Surgery can be defined as goal-oriented violence to tissue, and therefore considerations related to minimizing tissue damage are an important part of adequate preoperative planning and proper surgical technique.1 Since time in surgery is directly proportional to tissue damage, adequate preparation for each surgery is the best prevention of unnecessary delays that prolong surgery. Before embarking on an unfamiliar or complicated surgical task, the operator should plan the procedure step by step, from skin incision to closure. This chapter describes those aspects of surgical manipulations that are basic to the performance of any procedure—namely, the different techniques of incision, excision, and dissection of tissue; the methods of surgical hemostasis and tissue retraction and handling; and surgical irrigation and suction. Adherence to the basic principles of state-of-the-art surgical technique, described by Halsted, minimizes tissue trauma and blood loss and decreases the risk of wound dehiscence, resulting in a better overall surgical result.2 William Stewart Halsted (1852-1922) was one of the most influential human surgeons of his time. He taught at Johns Hopkins Hospital in Baltimore and was the first one to list basic principles for aseptic surgery. These priniciples became known as “Halsted’s Principles” and are as follows: (1) apply strict asepis during preparation and surgery, (2) assure good hemostasis to improve conditions for the procedure and limit infection, (3) avoid the formation of dead space, (4) minimize tissue trauma through careful handling thereof, (5) maintain blood supply, (6) avoid undue tension on tissues, and (7)
 
 carefully adapt the corresponding tissue layers.1 Additional information on tissue handling will be discussed later in this chapter.
 
 BASIC MANIPULATIONS OF SURGICAL INSTRUMENTS Incising or cutting into tissue represents the initial step of every surgical intervention. The instruments used for this procedure and the manner in which they are applied provide the surgeon with the means to vary the type of incision and its effects on the surrounding tissue. The scalpel and scissors are the basic instruments for incising or excising tissues. Separation along tissue planes is usually accomplished through blunt or digital dissection. Electrosurgery and laser surgery complement the instruments used for incisions and excisions.
 
 Scalpels Steel Scalpel The steel scalpel with disposable blades is the instrument most frequently used to incise skin and other soft tissues. It is prudent to apply the blade to the scalpel handle with the help of a needle holder or similar instrument to prevent inadvertent puncture of the surgery gloves or, even worse, cutting of the surgeon’s fingers.
 
 There are three ways to hold the blade handle: the pencil grip, the fingertip grip, and the palm grip.3 With the pencil grip, very precise cuts can be performed. The distal end of the scalpel handle is grasped between the thumb and index finger and rests on the middle finger, while the tip of the middle finger contacts the patient (Figure 12-1). The surgeon’s hand also rests lightly on the patient and the fingers are moved rather than the entire arm, which allows better control of the blade. This grip works best for short incisions where precision is important.4 Contact with the patient controls precisely the depth of penetration. The disadvantage of this grip compared with the others is the relatively steep angle with which the scalpel is held, thereby decreasing contact of the cutting edge with the skin. For the fingertip grip, the tips of the third, fourth, and fifth fingers are placed underneath the handle, while the tip of the thumb is placed on the other side. The index finger rests on the top surface of the blade to carefully control downward pressure (Figure 12-2). This grip is useful for long straight, curved, or sigmoidal incisions, because it places the long surface of the blade against the tissue, providing greater cutting surface, better control of the blade angle, and optimal control of incision depth. The blade movement originates in the  shoulder, with the entire arm participating in directing the incision.5 The palm grip is not commonly used. Some surgeons prefer it for standing flank incisions. It provides the strongest grasp of the scalpel. The scalpel is grasped with the fingers and palm wrapped around the handle, while the thumb is placed on the top edge of the blade to create downward pressure (Figure 12-3). The small finger is rested on the patient to steady the hand.
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 Electro Scalpel Proper cutting technique with the electro scalpel differs markedly from that with the steel scalpel. A modified pencil grip is used to hold the instrument almost perpendicular to the tissue surface to be cut, to minimize the area of energy contact at the point of incision. The use of a needle scalpel further minimizes the contact area. The handpiece is held between the thumb and the middle fingertips, leaving the index finger free to activate the trigger button of the handpiece. The best effect is achieved when an assistant streches the skin or tissue to be transected.
 
 Scissors
 
 Figure 12-1.  The pencil grip for holding a surgical scalpel.
 
 Operating scissors cut tissues by moving edge contact between two blades that are set slightly toward one another.6 This action is most effective near the tips of the instrument, dictating their use for precise tissue cutting. Tissues that are too thick or too dense to be cut with the tips of the scissors should be separated with either a larger pair of scissors or a scalpel blade. The blade near the hinge should not be used for cutting, because the tissues are crushed more than cut, resulting in additional trauma. As shown in Chapter 11, many scissors are available either with straight or slightly curved blades and with long or short handles. The mechanical aspect of scissor cutting is best achieved with straight blades. Therefore straight-bladed scissors should be used in dense tissues. Curved scissors provide a more comfortable positioning of the surgeon’s hand and better visualization of the tips in deeper planes, but these instruments are less efficient in cutting tissues. The classic tripod grip provides the best functional result. The tip of the thumb and last digit of the third finger are placed in the rings of the scissors, while the index finger stabilizes  the instrument along the shaft toward the tip of the blades. The wide-based tripod grip or thumb-ring finger grip involves the last digit of the fourth finger instead of the last digit of the third finger (Figure 12-4). This grip is best suited to surgeons with large hands. The tripod formed by the thumb, third or fourth finger, and index finger creates a stable and powerful base for cutting. Suture scissors are usually held in the classic tripod grip to cut the sutures at the designated spot. Because it is the surgeon who is responsible for the lengths of the suture ends, an
 
 Figure 12-2.  The fingertip grip for holding a surgical scalpel.
 
 Figure 12-3.  The palm grip for holding a surgical scalpel.
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 Figure 12-4.  The tripod grip for holding surgical scissors. Figure 12-5.  The palm grip of a needle holder.
 
 adequate length must be presented to the assistant so that the scissors can be applied at the desired spot. A surgeon working without an assistant may use an OlsenHegar needle holder with built-in suture scissors (see Figure 11-7, A), or the suture scissors can be held in the same hand as the needle holders, in the manner described for handling multiple hemostats (see later).
 
 Needle Holders There are three methods for holding needle holders. One is the classic tripod grip just described for scissors. The greatest advantage of the classic tripod or thumb–ring finger grip is that it allows precision when releasing a needle. Although slower than the palm or thenar grip, it is preferred when tissue is delicate or when precise suturing is required. The palm grip is useful for rapid instrument manipulation in closure of tissue when precision is not essential; however, the palm grip is not universally accepted as proper technique.3 With the palm grip, also referred to as the modified thenar eminence grip, the surgeon places the instrument in the palm of the hand with the one ring resting against the thenar eminence of the thumb but no finger placed in one of the rings of the needle holder (Figure 12-5). The index finger stabilizes the instrument along the shaft. The lock mechanism is disengaged by lateral pressure applied to the instrument using the thenar eminence. The tips of the instrument may be opened and closed by adduction and abduction of the thumb. This method of manipulation is useful for rapid closure, because it allows the needle to be more easily grasped, extracted, and readied for the next pass.7 It is also advantageous for suturing robust tissue that requires a strong needle-driving force; however, the needle cannot be released and regrasped after guiding the needle through tissue without changing to another grip, making suturing less precise.8 Please note that left-handed surgeons cannot “palm” righthanded instruments because the boxlock closes rather than opens with pressure. The thenar grip, where the upper ring rests on the ball of the thumb, and the ring finger is inserted through the lower ring (Figure 12-6), allows the needle to be released and regrasped for extraction without changing grips. Although it allows mobility, releasing the needle holder by exerting pressure on the upper ring with the ball of the thumb causes the needle holder handles to pop apart, and some needle movement occurs during this process. The pencil grip, where the index finger and thumb rest  on the shafts of the needle holders, is used with very delicate needle holders (Castroviejo) used in ophthalmic surgery and microsurgery.
 
 Figure 12-6.  The thenar grip of a needle holder.
 
 A needle holder grips the suture needle along its shaft so that the needle is perpendicular to and near the tip of the instrument. The needle is usually grasped midshaft, but it can be grasped closer to the needle tip for greater precision.7,8 The needle is passed through tissue by rotation of the surgeon’s hand, always following the curve of the needle. Care should be taken to advance the needle so that it protrudes from the tissue enough to allow the needle holder or tissue forceps to grasp it far enough behind the tip to prevent dulling or bending the needle. When using the needle holder, the surgeon may pronate the hand for greater precision or supinate the hand for greater speed.7
 
 Forceps Thumb Forceps Thumb tissue forceps are used to manipulate and stabilize tissue during incising and closing. Thumb forceps are usually held in in a pencil grip with the nondominant hand. When not in use, they may rest in the palm.7 If the surgeon’s hand becomes fatigued, the natural tendency is to switch to a palm grip. This grip is less precise and more likely to incite unnecessary tissue trauma. When closing deep tissue layers, thumb forceps are useful for retracting superficial layers during needle placement, starting on the far side of the incision (Figure 12-7). As the needle is passed, the forceps moves to the layer being closed, exposing the exit point. The process continues with the tissue forceps being used to grasp tissue layers in opposite order on the near and far side of the incision.5 Hemostat Forceps Mosquito and other tissue forceps used for hemostasis are held in the classic tripod grip to grasp the vessel to be ligated. When
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 a surgical assistant is not available and several hemostats have to be applied, time can be saved by introducing the ring finger through the left ring of several such instruments and holding them in the palm of the right hand, while applying a hemostat to a vessel in the tripod grip with the same hand (Figure 12-8). By arranging the hemostats so that the tips point toward the thumb, the instruments can one by one be rotated into the tripod grip and applied to a bleeding vessel. Tissue Forceps The most commonly used tissue forceps in equine surgery are towel clamps, mosquito forceps, Allis tissue forceps, Ochsner forceps, and Carmalt forceps. All these forceps are applied to tissues with the tripod grip. Towel clamps (except the LornaEdna clamps [see Figure 11-16, C]) are useful during some procedures for tissue manipulation, even though their primary purpose is to secure drapes on the patient. Towel clamps attached to skin edges provide an atraumatic method of retraction for exposing deeper tissues. Because Allis tissue forceps and
 
 Figure 12-7.  Proper technique for holding and using thumb forceps.
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 Ochsner forceps are traumatic and crush the tissue, they are best reserved for securing tissue that can be excised.
 
 TISSUE INCISION AND EXCISION Slide Cutting The skin is usually incised with a scalpel, because this is the method that is least traumatic and most conducive to primary healing. The incision should be made in one smooth pass of the scalpel through the skin, using the slide-cutting technique, transecting the dermis without cutting deep fascial tissue. The surgeon’s free hand should stabilize and stretch the skin being incised (Figure 12-9). When skin is properly transected, the edges will retract. In a longer incision, it may be necessary to reposition the free hand to put tension on the skin along the entire incision. During this repositioning, the scalpel should not be lifted from the tissues. Each time the scalpel leaves and returns to the tissue, a jagged edge is created that will adversely affect healing (Figure 12-10).9
 
 Figure 12-8.  Several mosquito forceps are held in the surgeon’s palm, allowing effective sequential application to a number of vessels.
 
 Figure 12-9.  Stabilizing and stretching the skin between the thumb and index finger facilitates the incising of the skin.
 
 a
 
 b
 
 c
 
 Epidermis Dermis
 
 Figure 12-10.  Skin incisions. a, Correctly performed incision. Subcutis
 
 Muscle
 
 b, Timid slide cutting resulted in jagged incision edges. c, Slide cutting with a sideways-angled blade resulted in an obliquely angled skin incision.
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 Stab or Press-Cutting Incision Stab or press-cutting incisions are generally performed with the scalpel held vertically in the pencil grip (Figure 12-11). A stab incision results when the bursting threshold of the tissue being incised is exceeded. Press cutting is applied to initiate incisions into hollow, fluid-filled structures, such as the bladder. For this technique to be effective, the tissue to be entered should be under tension. Press-cutting incisions are also used frequently during screw fixation of an anatomically reduced condylar fracture of the third metacarpal/metatarsal bone (MCIII/MTIII) or of the proximal phalanx. The scalpel is held in a pencil or palm grip, perpendicular to the surface of the tissue. The tissue is entered with a slight thrust, and the incision is extended carefully by pushing the cutting edge of the scalpel through the tissue. With this technique, depth control is poor, but it can be improved by using the index finger as a bumper (Figure 12-12), effectively limiting penetration of the blade to a predetermined depth.7 Press cutting with an inverted blade (Figure 12-13) elevates the tissues to be transected and provides more safety for deeper structures, while preventing fluid from exiting a fluidfilled structure or organ. Two rarely applied techniques are the sawing (or push-pull slide cutting) and the scalpel scraping techniques, the latter of
 
 which is used for separation of fascial planes or for subperiosteal dissection and elevation of muscles.7
 
 Scissor Incision The scissor tips are often used to transect tissues. Before this technique is used, the tissue to be incised must be isolated from underlying tissues using blunt scissor dissection (see later). This isolates the tissue structures to be cut. Some tissues can be effectively transected by partially opening the scissors, holding the blades motionless relative to each other, and pushing them through the tissue. Allowing the scissors to slide through the tissue creates a clean, atraumatic incision. This method is appropriate for opening fascial planes over muscles or subcutis, or for opening tissue planes in which the start and finish points of the incision are well defined.
 
 Electroincision Because lateral heat production during electroincision increases with the duration of trigger activation and tissue contact time,
 
 Figure 12-12.  Bumper cutting into a structure elevated and stretched Figure 12-11.  Stab or press cutting into a hollow organ.
 
 Figure 12-13.  The technique of inverted-blade press cutting facilitates blade control.
 
 between two Allis forceps.
 
 the blade is moved at a speed of about 7 mm/sec.7 Only one tissue plane is cut at a time, using only the tip of the blade. Depth control with the electro scalpel is less precise than  with the cold scalpel. Because the electrode cuts all tissue  it contacts, visual control is of paramount importance. Electrosurgical incision should not be used in areas with poorly defined anatomic planes. Thermal necrosis at the wound edges can be reduced and depth control can be improved by using the lowest setting on the controls that allows clean cutting. The electrode should be cleaned frequently to ensure proper function. Charred tissue that accumulates at the tip of the  electrode acts as an insulator and decreases effective cutting. Three undesirable effects are associated with a charred electrode: (1) higher power is required to incise tissues; (2) current is dispersed to a larger area of tissue, diminishing control; and (3) thermal necrosis of the wound edges is increased.2 If the buildup of charred material at the tip is rapid or excessive, the power setting may be too high or the cutting speed may be too slow.10 Advantages reported for electrosurgical incisions over  those made with a steel scalpel are (1) reduction in total blood loss; (2) decreased need for ligatures, and thus reduction in the amount of foreign material left in the wound; and (3) reduced operating time.11,12 These advantages come at the expense of delayed wound healing and decreased resistance of wounds to infection. Controlled experiments revealed that there is no overall difference in epithelial healing between incisions made with the electro scalpel and those made with the steel scalpel. However, a difference in the initial response of the connective tissue was recorded.5 Electro incisions of the skin heal primarily, but there is a definite lag time in reaching maximal strength. Because of this delay, skin sutures or staples should remain in place an additional 2 to 3 days if the incision was made with an electro scalpel. Electrosurgical incisions should be avoided in the presence of cyclopropane, ether, alcohol, and certain bowel gases because of the risks of ignition and explosion.7
 
 Tissue Excision Most tissues are excised primarily by scalpels or scissors. Skin, hollow organs, contaminated subcutaneous tissues, and neoplastic tissues are best excised with a scalpel. This is performed by a single passage of the scalpel along or around the periphery of the tissue to be removed. However, repeated passes or a sawing action with the scalpel may be necessary to complete excision of the tissue. This is especially true for thick, dense tissue or en bloc excision. Precise excision of tissue deep within surgical wounds or body cavities is best performed with scissors.
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 fibers or along natural tissue planes (Figure 12-14). Forceps can be used to stabilize the tissue during dissection. When digital dissection is applied, the gloved index finger of each hand is placed side by side in the same tissue plane and pulled in opposite directions to stretch and separate the tissue, thus increasing surgical wound exposure. Scissors are useful for dissecting tissues, especially the subcutaneous tissue. The plane of dissection is parallel to the skin, along the incision edges. Limited dissection underneath the skin allows further retraction of the skin away from the center of the incision and facilitates visualization of deeper tissues. Scissor dissection is less useful, and potentially dangerous, in deeper dissections, where vessels or nerves could be severed before they are seen.
 
 SURGICAL HEMOSTASIS Proper hemostasis prevents the surgical field from being obscured by blood, and it decreases the potential for infection. Hemostasis minimizes blood loss and postoperative hematoma or seroma formation, which may delay healing or potentiate wound dehiscence. Additionally, excessive or uncontrolled hemorrhage can lead to anemia or hypovolemic shock.7 Therefore the goal of hemostasis is to prevent blood flow from incised or transected vessels. This is accomplished primarily by interruption of blood flow to the involved area or by direct closure of the vessel walls.13 There are mechanical, thermal, and chemical techniques to achieve hemostasis.
 
 Mechanical Hemostasis Pressure Using the fingers or the hand, pressure can be applied directly over the site of a major vessel, or over a major vessel at a site remote from the wound. Oozing from small vessels is best controlled by direct pressure using sterile gauze. Although this is the least traumatic means of vascular hemostasis, it is not adequate for medium-sized and larger vessels, which require some other means of hemostasis. Gauze packing is used to control hemorrhage from open body cavities (such as the nasal cavity, paranasal sinuses,
 
 BLUNT DISSECTION Blunt dissection is used to reduce or prevent the risk of damaging deeper vital structures during a surgical approach. The technique is performed digitally or with surgical scissors. Blunt dissection is generally carried out along natural tissue planes or parallel to tissue fibers. Excessive dissection and undermining should be avoided, because creation of dead space impedes wound healing and potentiates infection. If scissors are used— blunt scissors work best—the tips are placed in a closed position into the tissue, and the jaws are opened parallel to the tissue
 
 Figure 12-14.  Blunt dissection of subcutaneous tissue can be performed by spreading the jaws of the scissors in the tissues.
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 urogenital tract, and defects created in the hoof wall or sole) and from large body wounds. Hemorrhage is controlled through pressure, allowing time for clot formation. The gauze can be soaked in iced or chilled saline solution, or diluted epinephrine can be added to a diluted antiseptic (e.g., povidone-iodine) or saline solution to help control the bleeding. Several gauze rolls tied together may need to be used to effectively pack large defects. The end of the packing is best secured to the body to ensure its presence at the time of removal. Ligatures Hemostats can be applied to small, noncritical vessels and held there for a few minutes. The vessel tissue trapped in the jaws is crushed, effectively occluding the vessel.13 A combination of vasospasms and intravascular coagulation maintains hemostasis when the clamp is released. To facilitate these events, the vessel can be stretched or twisted before the instrument is released. If bleeding from a critical vessel needs to be controlled, atraumatic hemostatic clamps can be used to limit damage and allow repair. Suture ligation is commonly used to control bleeding from larger vessels. Absorbable suture material is preferred over nonabsorbable material, because the latter can result in extrusion or sinus tract formation.13 The number of ligatures required to maintain occlusion depends on vessel size and the material used. A simple circumferential ligature is generally used for small vessels (Figure 12-15, A), whereas pulsating or large vessels, such as arteries, should be ligated with two ligatures,  a circumferential followed by a transfixation ligature placed more distally (Figure 12-15, B). In most situations, a hemostatic clamp is applied to the vessel before ligation. The clamp’s  crushing effect facilitates ligature placement and vessel occlusion. The following steps for proper use of hemostatic forceps should be kept in mind4:
 
 concave part of the curved blades pointing down. In deeper locations, such as in the abdominal cavity, the forceps should be placed with the tips pointing upward. 7. The assistant should pick up the hemostat and direct it with the tip pointing toward the surgeon. 8. The hemostat should be held in the nondominant hand. One ring is held between the index finger and the thumb, and the other ring rests on the middle and ring fingers (Figure 12-16). 9. At the time of the final tightening of the first half hitch around the vessel, the surgeon should give the assistant the sign to release the hemostat. 10. The assistant should release the hemostat by pushing up with the middle and ring fingers while pressing down with the thumb, carefully releasing the ratchet mechanism of the hemostat. 11. Before releasing the hemostat, the instrument should be directed into the incision to relieve tension on the vessel and prevent it from slipping out of the ligature before the ligature is completely tightened. 12. The surgeon should apply a second half hitch over the first one, forming a square knot. 13. Then, the assistant should cut the suture ends at the level indicated by the surgeon, with the suture scissors held in the dominant hand. 14. If double ligation is indicated, clamps should be placed at each ligature site, approximately 2 to 3 mm apart. Once the vessel is clamped, a circumferential ligature should be placed around the vessel adjacent to the proximal hemostat. As the ligature is tightened, the clamp is released. The ligature should fall into the area of the vessel crushed by the clamp. The distal clamp should be released and replaced with a transfixation ligature.
 
 1. The smallest forceps that will accomplish the needed hemostasis should be used. 2. Only the minimum amount of tissue should be clamped— preferrably only the vessel itself. 3. The tip of the instrument should be used rather than the middle or the base. 4. The mosquito forceps should be applied to small bleeding vessels perpendicular to the cut surface. 5. Other forceps should be applied perpendicular to the long axis of the vessel to be ligated. 6. The mosquito forceps should be applied to surface bleeders so that they come to rest lateral to the incision, with the
 
 A
 
 B
 
 Figure 12-15.  Circumferential (A) and transfixation (B) ligatures.
 
 Figure 12-16.  The hemostat is held in the nondominant hand. One ring is held between the index finger and the thumb, and the other ring rests on the middle and ring fingers. Pressing the rings toward one another releases the hemostat handle lock.
 
 Large pedicles are preferably divided into smaller units, and each is separately ligated. After ligating the last unit, a suture is placed around the combined units and tied as one pedicle ligation. This is called the “divide and conquer” method (Figure 12-17, A).7 The three-forceps method (Figure 12-17, B) involves initial clamping of the pedicle with three parallel forceps, 1 to 1.5 cm apart, incorporating the entire pedicle. The pedicle is transected between two such forceps, leaving one side with one forceps and the other with two forceps. A loose ligature is applied around the entire pedicle with the two forceps between the base of the pedicle and the first forceps. The forceps closest to the pedicle base is then partially taken off, leaving a strand of crushed tissue behind. The ligature is now solidly tightened, making sure that it comes to lie over the crushed line of tissue. While the surgeon tightens the ligature, the assistant carefully removes the forceps completely. If the pedicle is too large, insufficient hemostasis is often achieved with this technique.7 In such cases, the divide and conquer technique should be used. Ligation of vessels obscured by perivascular fat accumulation, such as occurs in the omentum, may be a challenge because occasionally the vessel is traumatized by trying to blindly pass a needle around the vessel. In these cases, the blunt end of the needle can be used to place the suture around the vessel. This part of the needle pushes the vessel aside if it is in its path rather than penetrating it. Subsequent ligation of the vessel is routine (see Figure 37-28).
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 Staples Vascular staples, which can be used to occlude vessels up to 7 mm in diameter, are an alternative to suture ligation. They offer the advantage of speed and precision in placement. A specially designed instrument (the Ligate and Divide Stapler [LDS, US Surgical]) first applies two vascular staples that are crimped around the vessel simultaneously and then divides the vessel between the staples (see Figure 16-14). In cases of extensive intestinal resection with multiple mesenteric arcades, time is saved using this instrument. Disadvantages of staples are expense and potential failure when used on large vessels.
 
 B
 
 Surgical Repair Management of lateral wall defects in vital vessels can be very difficult. Suturing the defect is recommended, incorporating the tunica adventitia and tunica media—the major holding layers within the walls of large vessels.5,10 Fine suture material (4-0 to 6-0) is recommended, using a continuous pattern with bites placed close together. If a vessel is inadvertently lacerated parallel to its length, closure with the help of a simple continuous or interrupted suture pattern may reduce the vessel diameter such that effective blood supply to afferent tissue or drainage from the efferent tissue is no longer ensured (Figure 12-18, A). In such a case, closure of the laceration perpendicular to the long axis of the vessel increases the vessel diameter to ensure circulation (Figure 12-18, B). Esmarch System The Esmarch and pneumatic tourniquet systems are excellent methods of temporarily occluding blood flow to a distal extremity (Figure 12-19). They are used to maintain a bloodless operative field. An inflatable pneumatic cuff is placed around
 
 C Figure 12-17.  Ligation of large bundels of tissues. A, Divide and conquer technique. B and C, Three-forceps technique. The third hemostat has been removed (arrow) and in its place a ligature is applied (B). The bundle is separated between the two remaining hemostats and ligatures are applied at the location of the hemostats or immediately adjacent to them (on the distant hemostat side relative to the division line) (C).
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 the limb, 10 to 15  cm proximal to the surgical site, before preparing and draping the surgical site. If the cuff is applied proximal to the carpus or the tarsus, a gauze roll is placed on the medial and lateral sides of the limb over large vessels underneath the tourniquet to facilitate blood flow occlusion. Starting over the hoof and proceeding proximally, a long latex rubber bandage is tightly wrapped around the limb, overlapping the previous turn by 50% to force the blood from the limb. Once the Esmarch bandage reaches the level of the pneumatic tourniquet, the cuff is inflated above systolic pressure to occlude blood flow into the limb (approximately 600  mm  Hg) (see Figure 12-19). Subsequently, the Esmarch is removed, beginning again at the hoof until the pneumatic cuff is reached. Nonpigmented skin will appear blanched. The tourniquet is generally left on the limb for no longer than 2 hours. When the procedure takes longer than that, the tourniquet should be partially deflated for 2 to 3 minutes, followed by reapplication of a sterile Esmarch bandage and reinflation of the tourniquet.
 
 Thermal Hemostasis Electrocoagulation is a commonly used method of hemostasis. Heat generated from high-frequency alternating electrical current traveling between two electrodes denatures proteins inside cells.11 Tissue damage from heat occurs between 3000 and 4000 Hz. Electrosurgical units can generate currents ranging between 1.5 and 7.5 MHz, and if the current applied is too high, the intracellular fluid boils instantly, potentially causing the vessel to explode without achieving coagulation.12 Electrosurgical units can produce different types of currents. A partially rectified waveform achieves the most effective hemostasis.11 Vessels up to 2 mm in diameter can be coagulated in two ways. Obliterative coagulation is performed by direct contact between the handheld electrode and the vessel. This causes the vessel wall to shrink, occluding the lumen by thrombosis and coagulum formation.11,14 Alternatively, hemostasis can be achieved by coaptive coagulation. In this method, the vessel is initially occluded by a hemostatic forceps. The electrode of the electrosurgical unit then contacts the occluding instrument, which conducts the energy to the vessel, inducing its permanent occlusion. This technique allows precise electrocoagulation of a vessel. Cryogenic hemostasis, as the name implies, refers to coagulation caused by rapid freezing of vessels. The technique of cryosurgery is discussed in detail in Chapter 14.
 
 Chemical Hemostasis
 
 A
 
 B
 
 C
 
 Figure 12-18.  A, Surgical repair of a lacerated blood vessel. B, Application of a suture pattern parallel to the long axis of the vessel may decrease the lumen of the vessel resulting in its clotting. C, Application of a suture pattern perpendicular to the long axis of the vessel enlarges the lumen but also relatively shortens it.
 
 A
 
 Occasionally, epinephrine is used to control hemorrhage. Epinephrine is a potent α-adrenergic agonist that causes peripheral vasoconstriction.15 A solution of 1:100,000 to 1:20,000 is used to control superficial bleeding of mucosal and subcutaneous tissues.13 Gauze packing soaked with a dilute epinephrine solution is an effective way to control bleeding. Intravenous injection of 10% buffered formalin at a dosage of 0.02 to 0.06 mL/kg body weight diluted 1:9 in physiologic saline solution has been shown to be effective in controlling diffuse bleeding.15 The exact mechanism of action is unknown, but it may be the result of induction of coagulation on the endothelial cell surface. Close monitoring of the patient during application is recommended. This technique is applied to stop bleeding after castrations, colic surgeries, and surgical interventions of the upper airways.
 
 B
 
 Figure 12-19.  A, An Esmarch bandage (a) and pneumatic tourniquet (b) used for occluding blood flow in a limb. B, Application of an Esmarch bandage and a pneumatic tourniquet. Gauze rolls are placed over vascular pressure points under the tourniquet (arrow).
 
 
 
 Physical Hemostasis Soluble sponge materials control hemorrhagic oozing by promoting clot formation. Various types of hemostatic materials include gelatin foam, oxidized cellulose, oxidized regenerated cellulose, and micronized collagen (see Chapter 4 for more details). While these materials press against the wound surface, the material’s interstices provide a scaffold for clot organization.5 These materials are most beneficial for low-pressure bleeding and in friable organs that cannot be readily sutured.7 The materials are nontoxic, but they will delay wound healing and can potentiate infection because they are absorbed by phagocytosis.2 Bleeding from the bone can be controlled with the help of bone wax, which consists of purified and sterilized beeswax. The wax is physically packed onto the bone to block oozing of blood from cut cortical and cancellous bone. The material is relatively nonirritating, but it will remain in contact with the bone for years.7
 
 TISSUE RETRACTION AND HANDLING Retraction Unnecessary tissue trauma induces inflammation, which can delay healing. Therefore incisions should be made only long enough to allow adequate exposure. However, trying to complete a surgical intervention through small incisions, which are currently trendy, often results in excessive trauma of the wound edges. Such manipulations delay wound healing. Therefore the proper length of incision is the goal of a good surgeon. Gentle manipulation of tissue with respect to blood supply, innervation, and hydration is essential for atraumatic surgical technique. To achieve this, instrument retraction may be preferred over direct hand retraction in selected situations. Handheld retractors are designed with a single handle and blade to be used as an extension of the assistant’s hand. Alternatively, self-retaining retractors are designed with a locking mechanism on the handles to keep the blades in an open position. The blades of the retractor are placed within the incision and opened until the tissues on each side are spread maximally. Occasional repositioning or relaxation of the instrument blades, in conjunction with padding (i.e., moist gauze sponges placed between the blades of the retractor and tissue), minimizes tissue damage. Careful retraction and stabilization of nerves and neurovascular bundles with Penrose drains or umbilical tape should always be considered in place of metallic retractors.13 This both facilitates atraumatic manipulation of the vessels and nerves and prevents inadvertent traumatization. Careful and atraumatic tissue handling is as important as applying aseptic technique during surgery. Rough handling of the tissues may induce inflammation and subsequent delayed wound healing.
 
 Tissue Handling An incision heals from side to side, not from end to end. Therefore the incisions should be long enough to facilitate a clear view of the surgical site. Inadequate exposure may increase tension on the tissues through overzealous retraction, jeopardize hemostasis, increase the risk of traumatizing a nerve or vessel, and delay healing.
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 Sharp dissection should be carried out with sharp instruments. The use of dull scalpel blades and dull and worn-out scissors only increases tissue trauma. Whenever possible, natural tissue cleavage planes should be followed during dissection; this prevents inadvertent transection or tearing of fibrous tissues that heal poorly, if at all. Excessive undermining of tissues should be avoided, because it leads to the formation of dead spaces, which allow hematoma and seroma formation. Most tissues should be handled with appropriate instruments; fingers should only be used for blunt disection. In small wounds, the introduction of a surgeon’s finger prevents adequate evaluation of the deeper structures. Probing with a thin instrument allows simultaneous observation and manipulation. Tissue forceps are available for just about any manipulation necessary. Hemostatic forceps should only be applied to tissues that will be excised, because the tissues between the jaws are crushed and devitalized. Allis forceps are designed to hold tissues. However, excessive compression of the tissues in the clamp should be avoided. Stabilization and retraction of tissue may be accomplished with methods that do not involve tissue forceps. In selected situations, the assistant’s fingers may be used for temporary occlusion of bowel to facilitate an enterotomy without additional trauma. Alternatively, a pair of self-retaining Doyen clamps may serve the same purpose. Stay sutures can be used in a variety of situations—for example, to stabilize vessels and bowel. These sutures can be placed through very small amounts of tissue and still allow manipulations without tearing of the structure being repaired. Handheld and self-retaining retractors can be used in many surgical procedures to facilitate certain manipulations. Nerves and vital vessels should be spared whenever possible. Once they are isolated, they should be manipulated with great care. The identification of these structures with the help of a Penrose drain is atraumatic and effective.
 
 SURGICAL IRRIGATION AND SUCTION Surgical Irrigation Operative wound lavage has been associated with reduced rates of postoperative infection for both clean and contaminated wounds in direct proportion to the volume of irrigation solution used.16,17 This phenomenon has been attributed to the removal of surface bacteria and debris from contaminated wounds, dislodgement and removal of bacteria and exudate from infected wounds, and dilution and removal of toxins associated with infection.18 An additional benefit of wound lavage and suction is the moistening of tissues to counteract the dehydrating effects of air and surgical lights. Wound lavage removes blood from the surgical site, which also improves visibility. Various types of lavage solutions, delivery systems, and suction devices have been developed for various body regions (e.g., body cavity, skin), wound types (e.g., traumatic, surgical), and degrees of contamination or infection. The ideal lavage solution is sterile, nontoxic, isoosmotic, and normothermic.18 Sterile 0.9% physiologic saline, lactated Ringer solution, and Plasmalyte) are examples of available solutions that approach these criteria. Antibiotics are often added to a lavage solution as prophylaxis against possible infection or if contamination has occurred. Even though some effect has been reported, conclusive evidence that this technique is superior  to saline lavage alone is lacking.7,19 Infection implies bacterial penetration of tissues, and adequate blood and tissue 
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 Figure 12-20.  A suction tip is connected to sterile tubing to evacuate fluid from the surgical site into a reservoir.
 
 concentrations of antibiotics via systemic administration are required for effective bacterial destruction.7 Some antibiotics, such as tetracycline, are irritating when applied to exposed tissue or peritoneal surfaces and should be avoided.20 Antiseptics such as povidone-iodine and chlorhexidine may be added to lavage solutions.21 Fluid delivery systems used for irrigation vary with location on the body and degree of contamination or infection. Lavage of body cavities is accomplished by flooding the cavity with large volumes of sterile solution, followed by suctioning to remove the fluid. Common methods involve pouring the sterile solution from the bottle or a bowl into the cavity or using a system capable of delivering large volumes of fluid at low pressure (referred to as diuresis). Alternatively, traumatic and surgical wounds of the limbs are usually lavaged with the solutions under pressure. This is especially important if contamination or infection is present, because it dislodges bacteria or debris.7 A bulb syringe or a 60-mL dose syringe is adequate for keeping tissues moist and removing débrided tissue particles in some circumstances, but automated systems that deliver a high volume of lavage solution at pressures not exceeding 10 to 15 pounds per square inch should be used on heavily contaminated tissues (additional information on wound lavage techniques can be found in Chapter 26). Alternatively, a sterilized squeeze hand pump can be inserted into a sterile fluid bag, and a fluid spray of the desired intensity can be applied to the selected tissue by squeezing the handle.20
 
 Suction Suctioning efficiently removes blood and fluid from the surgical site. A suction tip attached to sterile tubing connected to a suction pump that delivers a vacuum of 80 to 120 mm Hg is recommended (Figure 12-20).8 When gentle suction is indicated, such as in deep incisions where exposure is limited, a Frazier tip is used. This tip has a side-hole port near the handle, which can be used to vary the amount of suction by either leaving the port uncovered or covering it with the index finger. When suctioning a large volume of fluid, a Yankauer suction tip with a single port can be used. The multifenestrated sump type of design of the Poole tip makes it ideal for use in body cavities, where a single-port tip will plug or injure viscera.7 Figure 11-17 shows these special tips.
 
 Figure 12-21.  Proper technique for holding a curette.
 
 CURETTAGE Curettage refers to the removal of a growth or other tissue from the wall of a cavity or other surface with a curette. Curettage can be used in all types of surgical interventions, but it is mainly applied in orthopedic procedures. Débridement of sequestra, excess bone production such as periosteal exostoses, damaged or diseased articular cartilage, and subchondral bone during an articular procedure (arthroscopy or arthrotomy) represent some surgical procedures that may involve curettage. It is important to note that normal cortical bone cannot be removed with a curette; however, periosteal new bone formation or necrotic bone is easily removed with this instrument. Therefore, when initially efficient progress in bone removal is followed by a sudden increase in difficulty, the level of underlying normal bone has been reached. The curette can also be used to remove necrotic soft tissue and debris from wounds, such as the tissue covering the bone after removal of a bone plate. The curette is used in an axial rotational motion (using its cuplike design at the instrument tip) to scoop out tissue, or with a pulling motion to scrape tissue from the surgical site. The handle of the instrument is grasped in the palm of the dominant hand and the index finger is placed on the shaft of the instrument to help stabilize the tip against the tissue (Figure 12-21).
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 The evolution of minimally invasive human surgery that reached critical mass in the 1980s has been matched by a parallel development in minimally invasive surgical techniques in the horse. The evaluation of joints by arthrotomy, which was common until the mid 1980s, has been replaced by arthroscopy for almost all indications. Laparoscopic surgical techniques have continued to replace previous open techniques, such as cryptorchidectomy, ovariectomy, and inguinal hernia repair. In some cases, new techniques have been developed that were not previously available in the horse (e.g., testicle-sparing mesh repair of the inguinal ring). Thoracoscopic techniques are also continuing to evolve but at a slower pace because of the infrequency of surgical disease of the equine thorax. Hybrid procedures (laparoscopically assisted removal of cystic calculi, laparoscopically assisted nephrectomy, etc.) have also been developed that incorporate the improved visualization realized with laparoscopy but still maintain the tactile feedback of open surgery. The three major applications of rigid endoscopy (laparoscopy, arthroscopy, and thoracoscopy) share common surgical techniques and basic equipment. This chapter describes
 
 specialized equipment unique to each application and the basic procedures. Additional minimally invasive surgery techniques include embolization and thrombectomy, which can be conducted through catheters introduced into vessels. These are effective procedures for treating disorders that a few years ago could be attempted only with great risk to the patient. Furthermore, computer-assisted surgery has only recently been introduced into equine surgery and may play a major role in orthopedic surgery of the future. It allows the accurate insertion of implants through small stab incisions, obviating the need for open approaches. In addition to smaller surgical incisions, minimally invasive surgical techniques are characterized by vastly improved visualization. This has led to improved surgical outcomes and better overall understanding of regional anatomy. Minimally invasive techniques continue to evolve and replace previous open techniques as more surgeons become comfortable with them and as more thought is devoted to their development.
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 Figure 13-1.  Basic equipment set up for minimally invasive surgery, consisting of light source, light cable, video camera with camera processor, and monitor. CCD, Charged capacitance device.
 
 ENDOSCOPY Andrew T. Fischer
 
 Equipment Illumination Most minimally invasive procedures require a means of illuminating the body cavity and a telescope for viewing the target organs.1-3 The supply of light into the patient’s body cavity was a limiting factor until the development of cold light sources, which allowed high-intensity illumination of the cavity without danger to the patient or surgeon from excessive heat. The next major limitation of early arthroscopy and laparoscopy was the lack of video imaging equipment, which prevented an assistant from participating in the surgery. Without the aid of an assistant, the only procedures that could be performed were those that could be accomplished with one hand. Beam splitters were developed to share the image on the surgical telescope, but they were unwieldy and they markedly decreased the amount of light, resulting in a poor image. As video cameras were developed and refined, arthroscopy, laparoscopy, and thoracoscopy became popular. With time, the complexity of procedures markedly increased, as did the number of surgeons performing them. Currently, light sources are capable of providing intense illumination to the selected cavity (Figure 13-1). Most manufacturers produce light sources with 300 watts of output from xenon bulbs. Xenon light sources are preferred, because they offer more lumens per watt than halogen light sources, and the light is whiter, offering more accurate reproduction of colors. A flexible fiberoptic or liquid light cable is needed to transmit the light from the light source to the telescope. Light cables are available in many lengths, but a 10-foot cable is generally preferred for equine endoscopy. A fiberoptic light cable must be checked regularly for broken fibers and must be well maintained by thorough cleaning. Poor illumination of the cavity can frequently be traced to a light cable with many broken bundles. However, a liquid light cable does not have this problem. Although a bit more expensive, they are quite durable and not subject to fiber bundle breakage. When the light source is on and the light cable is connected to the light source, it is important that the distal end of the light
 
 Figure 13-2.  Laparoscopic and arthroscopic trocar/cannula assemblies. Note the pyramidal tip of the laparoscopic trocar and the conical tip of the arthroscopic obturator.
 
 cable or the telescope does not contact the patient, drapes, or any other combustible material, because burns may occur or fires may start as a result of the heat produced at the tip. The three areas of rigid endoscopy all use a trocar and cannula assembly to first enter the body cavity (Figure 13-2). The cannula protects the telescope after insertion and has stopcocks allowing fluid infusion or gas insufflation for distending the cavity. The cannula has seals to prevent leakage of fluid or gas through it. Safety trocar cannulas may be used when entering the abdomen or thorax. These trocars rely on the tissue resistance encountered when inserting the trocar through the body wall to retract the safety shield and expose the blade system. Once the insufflated abdomen is entered, there is a loss of resistance and the safety shield snaps back over the blade, protecting the underlying viscera.
 
 
 
 CHAPTER 13  Minimally Invasive Surgical Techniques 
 
 Telescopes A high-quality surgical telescope is very important for all endoscopic procedures (Figure 13-3).1-3 The Hopkins rod lens system provides more light transmission for illumination of the cavity and a wider field of view than traditional optical systems. Light is provided by optical fibers that surround the lens system. Telescopes of 5 mm or less in diameter provide adequate light and visualization for arthroscopy but not for laparoscopy or thoracoscopy. The reasons for this are that the cartilage covering the articular surfaces of the bones in the joints is bright and reflective, and the cavity is smaller, requiring less light for visualization. The most common telescope size used in equine laparoscopy and thoracoscopy has a 10-mm outside diameter. The large size allows adequate light transmission with good visualization. The standard length for human laparoscopes is approximately 30 cm, but a specially designed 57-cm laparoscope is available for equine use. The standard length for arthroscopes is 15 to 25 cm with an extra-long 4-mm diameter arthroscope of 35 cm. The distal ends of endoscopes are designed with different lens angles. The most commonly available distal angles are 0, 25, or 30 degrees of visualization. The zero-degree telescope allows more light transmission into the body cavity but does not offer the panoramic view that the 30-degree telescope provides. Panoramic visualization, which facilitates triangulation techniques, is accomplished by rotating the scope (not possible with the zero-degree telescope). For special procedures, a 70-degree arthroscope is available, but it is rarely used. Video Equipment A video camera that connects to the telescope is necessary to ensure aseptic surgical technique and allow assistance during surgery.1-3 Most cameras contain either one or three chips—the charged capacitance devices (CCDs) used in the camera. Threechip cameras have one chip for each of the primary colors (red, green, and blue) and generally offer better resolution than single-chip cameras. Newer video cameras have an increased
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 light sensitivity, which is very helpful for laparoscopy and thoracoscopy in horses. Zoom features, gain changes, and multimedia image capture may also be offered as options on the various cameras. The video camera should be connected to a good-quality monitor in the direct line of sight of the surgeon. In some cases, it is helpful to have multiple monitors for the benefit of the assistant surgeon. The choice of cable connections affects monitor image—digital video cables offer the highest resolution. Multimedia digital capture of video-assisted surgery is becoming standard procedure and can be accomplished with personal computers, stand-alone video documentation systems, or video recorders incorporating hard disk storage and DVD burners. Many hospitals have central digital storage systems, also known as picture archiving and communication systems (PACS), that allow real-time collection of digital images into an electonic medical record. Fluids and Gases Arthroscopic, laparoscopic, and thoracoscopic procedures all require the creation of an optical cavity separating the joint capsule or body wall from the contents of the cavity, which facilitates a thorough visual exploration.1-3 Adequate visualization during arthroscopy is accomplished by the use of fluid or gas distention of the joint. Fluids used for joint distention are pH-balanced polyionic solutions such as lactated Ringer solution or Plasmalyte. If electrosurgical instrumentation within the joint is going to be used, fluids specially formulated for this are needed. Fluid distention is usually achieved with pressure or manually controlled pumps, but another possible driving force is gravity. Excessive fluid pressure is associated with extravasation of the fluid, resulting in marked subcutaneous edema and poor visualization because pressure on the skin and subcutaneous tissues compresses the joint capsule. Fluid extravasation can be minimized by making the skin incision slightly larger than the joint capsule incision. Gas insufflation may be used when the joint surfaces must remain dry during arthroscopy (e.g., when inserting cartilage grafts
 
 Figure 13-3.  Laparoscopic and arthro scopic telescopes.
 
 152 
 
 SECTION II  SURGICAL METHODS
 
 Figure 13-4.  Arthroscopic probes.
 
 or injecting gels into subchondral bone cysts). The pictures obtained with gas insufflation are clearer and truer to actual intra-articular colors. The insufflation technique is identical to the one described for laparoscopy. The abdominal cavity requires insufflation for optimal viewing, which is accomplished by controlling the flow of gas into the patient’s cavity. The insufflator should have settings that limit flow rate and pressure in the cavity to be examined. Insufflators for equine use should have flow rates that can exceed 10 L/min, and 20 L/min is desirable. Insufflators with slower rates require too much time for adequate initial inflation or reinflation of the cavity if it becomes deflated during manipulations. Initially the rate of gas flow into the patient is limited by the smallest diameter in the circuit, which is typically the insufflation needle. Needles such as the Veress needle have flow rates of less than 3 L/min, whereas teat cannulas can accomplish flows of 6 to 7 L/min. Once the laparoscopic trocar is inserted, the limit on flow rate is usually the insufflator. The most commonly used gas for insufflation is carbon dioxide. Other inert gases have also been used in human medicine. The patient’s abdominal pressure is usually 15 mm Hg or less. Higher pressures are associated with increased patient discomfort and respiratory compromise and are not necessary for visualization. Insufflation is less commonly used in thoracoscopy because the lung tends to collapse when air enters the thorax passively. In the rare case where insufflation is necessary during thoracoscopy, 5 mm Hg is usually adequate. The use of high intrapleural pressures is unnecessary and painful; high pressure decreases cardiac return and interferes with ventilation. Selective bronchial intubation may be performed for thoracoscopy in cases requiring general anesthesia.
 
 Figure 13-5.  Ferris-Smith rongeurs with different cups.
 
 Surgical Instruments ARTHROSCOPY The basic instruments necessary for arthroscopy include probes, rongeurs, grasping forceps, chisels, mallet, curets, periosteal elevator, flush cannula, and a bone awl (some of these instruments are described and depicted in Chapter 11).3 Probes are used to evaluate looseness of fragments, determine stability of cartilage, and manipulate structures, testing their integrity or improving visualization (Figure 13-4). Multiple rongeurs may be used in a single surgery, and the choice is dictated by the operative target. Ferris-Smith rongeurs are available in different sizes and jaw angles (straight, angled up, and angled down),
 
 Figure 13-6.  Grasping forceps.
 
 and an assortment should be available in each surgical pack (Figure 13-5). Grasping forceps with small teeth in the jaws are preferred over rongeurs to to remove fragments from the joint (Figures 13-6 and 13-7). The EASY CLEAN line of rongeurs (Sontec Instruments, Inc., Centennial, CO) represents a new technology that allows cleaning between the two bars of the rongeur. It is anticipated that all rongeurs will be manufactured
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 Figure 13-7.  The Maxi Grasper with specially designed jaws with radically enlarged multiple teeth and an oval gap between the jaws. Even when fully closed the jaws can securely hold the chips being removed. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 Figure 13-10.  Arthroscopic flush cannula.
 
 Figure 13-8.  The EASY CLEAN Cushing rongeur representing the new wave of rongeur technology entering the surgical market. The wave shape facilitates cleaning between the two bars, extending the life of the instrument. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 A
 
 B Figure 13-9.  Peterson Micro Bone Pick for microfracturing the sub chondral bone. (Reprinted with permission from Sontec Instruments, Inc., Centennial, CO. 2010.)
 
 C Figure 13-11.  Motorized equipment. A, Handpiece with suction tube attached. B, Three synovial resectors. C, Three burrs.
 
 with this technology. A recently developed suction arthroscopic rongeur facilitates removal of small chips and fibrin debris that has been disconnected from its origin (Figure 13-8). A 5-mm cannula that can be attached to a suction pump removes the debris immediately, obviating the removal of the rongeur after each piece has been detached. This speeds up surgery and reduces irritation at the incision site by constantly removing and reintroducing the rongeur into the joint. Chisels, osteotomes, and periosteal elevators are used to elevate osteochondral fragments with or without the use of a mallet. Curettes are used to débride cartilage edges and remove devitalized bone (see Chapter 12). Several different sizes and angles should be available to maximize access to the base of the defect. Bone awls (Figure 13-9) are used to produce microfractures in the subchondral bone plate, which are thought to improve cartilage adhesion after bone débridement of the articular surface (see Chapter 80). Flush cannulas are useful for lavaging the joint and removing any remaining bits of cartilage or bony debris (Figure 13-10). Motorized equipment (Figure 13-11) is useful for synovectomy, meniscectomy, tendon débridement, and removal of cartilage flaps. Different blades are used according to the structure being débrided.
 
 LAPAROSCOPY, THORACOSCOPY, AND UROGENITAL PROCEDURES The basic instruments used for laparoscopy include probes, Semm claw forceps, scissors, Babcock forceps, and biopsy forceps.1 Probing organs provides tactile feedback regarding the consistency of the target and can be used to evaluate organ attachments. Semm claw forceps provide good security when grasping tissue that is to be removed from the patient (Figure 13-12). Atraumatic forceps such as Babcock forceps allow tissue manipulation without injury and are useful in exploratory laparoscopy or thoracoscopy (Figure 13-13). Endoscopic scissors are used for dividing tissue after adequate hemostasis has been obtained (Figure 13-14). Biopsy forceps are used for visceral biopsy (spleen, kidney, liver, and other solid organs) or tumors. Vessel sealing devices, such as LigaSure (Covidien, Mansfield MA) and SurgRx EnSeal (Ethicon, Somerville, NJ), have become one of the primary tools for controlling bleeding during minimally invasive procedures (Figure 13-15). These devices are modifications of previous bipolar electrosurgical units, which incorporate tissue impedence monitors that automatically adjust the current and output voltage, allowing lower settings to be used with improved outcomes.4 The collagen and
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 SECTION II  SURGICAL METHODS elastin in the vessel wall are denatured by the high current and low voltage. This denaturation coupled with the mechanical pressure from the device causes coagulum formation, resulting in permanent sealing of the vessel. These devices allow permanent fusing of vessels up to 7 mm in diameter and tissue bundles without dissection within 2 to 4 seconds. The seals are capable of withstanding pressures up to 3 times normal systolic blood pressure. The feedback-controlled response system automatically discontinues energy delivery when the seal cycle is complete. The I-Blade Technology (Ethicon, Somerville, NJ) provides uniform compression forces along the clamping device and in the center of the blade that separates the tissues. The clamps are designed such that the tissue in between is trapped by atraumatic teeth before it is separated and uniformly clamped. Subsequently, separate electrical circuits permanently seal the tissues in each hemisphere of the jaw (Figure 13-16). Special insulation materials used for the clamps ensure that the tissues surrounding the jaws of the clamp are sealed only to a
 
 Figure 13-12.  Semm claw forceps used for tissue removal.
 
 Figure 13-15.  LigaSure electrosurgical instrument.
 
 Figure
 
 13-13.  Babcock
 
 forceps
 
 used
 
 for
 
 atraumatic
 
 tissue
 
 manipulation.
 
 A
 
 a
 
 b
 
 B Figure 13-16.  Schematic representation of the EnSeal Clamp. A, The
 
 Figure 13-14.  Scissors used for laparoscopic surgery. Note the increased length and size needed for efficient cutting.
 
 EnSeal Clamp in action. The arrow indicates the direction the I-Blade separates the tissues before sealing the vessels. B, Close-up view of the electrical circuits crossing the tissue from the positive poles to the nega tively charged surroundings. a, The I-Blade is partially advanced. b, The jaws are shut aided by the I‑Blade.
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 distance of about 1 mm. Other hemostatic devices such as endoscopic staplers, electrosurgical units, ultrasonic scalpels, and different types of lasers are routinely used and will be discussed in appropriate chapters.
 
 Triangulation Technique Arthroscopic, laparoscopic, thoracoscopic, and urogenital endoscopic surgical procedures all share the common technique of triangulation. Triangulation refers to the placement of telescope and instruments through separate portals so that they converge on the operative target. Mastering the technique of triangulation is essential to becoming competent in minimally invasive endoscopic techniques. The visual target should be in front of the surgeon, with the monitor directly behind the visual target. The surgeon should be able to look from the operative field on the monitor to the surgical site on the patient by only looking up or down. The camera must be oriented so that true vertical and horizontal axes are maintained; this facilitates proper movement of the surgical instruments toward the surgical target (Figure 13-17). Triangulation techniques should be learned with training boxes before surgery is attempted on clinical cases. In general, the diagnostic evaluation in all minimally invasive surgeries should be performed before instrument portals are established, because they can collapse the optical cavity and interfere with visualization. An exception to this occurs when instrumentation must be introduced to manipulate viscera to facilitate exploration. Once the diagnostic exploration has been accomplished, additional instrument portals are established for the surgical procedure. The details for specific procedures are found in subsequent chapters and specialized texts.1-3
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 Basic Laparoscopic Technique Standing Laparoscopic Surgery Feed is withheld from the horse for approximately 24 hours before the procedure. Access to water is generally not restricted. Tetanus prophylaxis and routine perioperative antibiotics are provided. Nonsteroidal anti-inflammatories are also typically administered. The horse is restrained in standing stocks and the tail is tied to prevent contamination of the operative field. The head is either supported with a well-padded stand under its muzzle or tied up in an approximately horizontal position. Both flank regions are prepared for aseptic surgery. Sedation and analgesia typical for standing procedures is administered. Some surgeons prefer the use of bolus injections, whereas others use constant rate infusion techniques. For additional information on sedation and analgesia for surgical procedures that require standing for long periods, the reader is referred to Chapter 22. Once the horse is adequately prepared, local anesthesia is infiltrated at the site of desired trocar introduction. It is important to infiltrate both the subcutaneous tissues and muscle layers. The site of the first trocar is typically placed through the crus of the internal abdominal oblique muscle, midway between the last rib and the iliac crest. A 1.5-cm incision is made through the skin, and the trocar assembly that is large enough to accommodate the desired laparoscope is used. At insertion, the trocar is aimed toward the contralateral coxofemoral joint. If the peritoneum has not been penetrated at this point, a 30-degree laparoscope is used to ensure final penetration with a quick thrust. Insufflation with CO2 is then started to a pressure of 10 to 15 mm Hg. Additional instrument portals are established under direct visualization to prevent damage to underlying structures. Once the desired surgical procedure has been completed, the abdomen is deflated and only the skin is sutured with simple
 
 Figure 13-17.  The proper use of the triangulation technique.
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 interupted sutures. Some authors prefer to insufflate the abdomen before inserting the trocar, but this is not necessary and may lead to insufflation of the retroperitoneal space, obscuring visualization for the rest of the procedure. At the end of the procedure the skin incisions and portals that are 10 mm or larger are closed in different layers; smaller ones are only closed with skin surtures. Dorsally Recumbent Laparoscopic Surgery Preoperative preparation for dorsally recumbent laparoscopic surgery is the same as that used for standing surgery. The horse is anesthetized and placed in dorsal recumbency and secured to the operating table to prevent the horse from shifting if it is tilted into Trendelenburg position (head down). The ventral abdomen is prepared for aseptic surgery. A 1.5-cm incision is made through the umbilicus and a teat cannula is inserted into the abdominal cavity. CO2 insufflation is started. When the intra-abdominal pressure reaches 10 to 15 mm Hg, a trocar assembly large enough to accommodate the desired laparoscope is inserted into the abdomen. Safety trocars may also be used. Additional instrument portals are established under direct visualization. Skin closure is performed as described earlier.
 
 Effects of Abdominal CO2 Insufflation in Standing and Recumbent Horses Abdominal insufflation with CO2 is commonly used to create an optical cavity in horses that are undergoing laparoscopy for either standing or recumbent procedures. CO2 insufflation causes a mild inflammatory reaction within the abdominal cavity, which is seen by an increase in peritoneal WBCs and should be remembered if serial abdominocentesis is necessary for evaluation of the horse’s original problem.1,5 Increasing the horse’s intra-abdominal pressure with CO2 does have effects on cardiopulmonary parameters, with more significant alterations noted in horses in dorsal recumbency.1,5,6 Pneumoperitoneum in horses undergoing standing laparoscopic surgery had no significant effect on cardiopulmonary parameters.5 Horses undergoing laparoscopic cryptorchidectomy in Trendelenburg position were noted to have a decrease in pH and an increase in PaCO2 and mean arterial pressure, and these changes persisted while the horse was in Trendelenburg position but returned to baseline upon return to normal dorsal recumbency. PaO2 decreases throughout the procedures but does not reach levels classified as hypoxemia, and it does not improve upon return to normal dorsal recumbency and normal intraabdominal pressure.6 Heavier horses have a greater change in pH, PaCO2, and PaO2 than lighter horses subjected to Trendelenburg position and abdominal insufflation.6 Though cardiopulmonary parameters certainly change during laparoscopic procedures, little clinical effect has been noted. Positive pressure ventilation and blood gas analysis capabilities are suggested for use in horses undergoing laparoscopy under general anesthesia, particularly if Trendelenburg position is to be employed.
 
 EMBOLIZATION Joanne Hardy Arterial embolization refers to catheter-directed delivery of particulate material for the purpose of embolizing selected arteries. Microcoils are a popular embolization material. They have been
 
 used for occlusion of normal and abnormal vasculature and for creating ischemia of neoplastic tissue (Figure 13-18). In dogs, coil embolization has been used to treat vascular occlusion of patent ductus arteriosus, occlusion of portosystemic shunts, and epistaxis; it has also been used in experimental treatment of cerebral aneurysms.7-19 In horses, coil embolization has been used to occlude branches of the common carotid artery, usually involved in guttural pouch mycosis.20-23 More recently, nitinol vascular plugs have been used for arterial embolization procedures in both dogs and horses.24,25 The use of emulsions for embolization of tumors to create ischemia and reduce tumor size has also been described.26 Chemoembolization refers to selective intra-arterial delivery of chemotherapeutic agents with particulate material to embolize arteries supplying blood to a tumor.27 Numerous studies describe its use in humans and dogs, using various chemotherapeutic agents.28-32
 
 Surgical Technique Catheter-directed embolization involves accessing a peripheral artery, where an introducer is inserted. A catheter is then directed, under fluoroscopic guidance, within the artery until the tip of the catheter is located at the desired site of embolization. Accessing the proper site requires knowledge of local vascular anatomy and variances among individuals. Navigation through the arterial tree is facilitated by a gliding guide wire inserted within the catheter. Once the site of embolization is reached, the embolization material is delivered. The catheter and introducer are removed, and hemostasis at the arterial puncture site is achieved by direct pressure or suturing. The sizes and materials used for embolization techniques are very specific, and correct selection of product characteristic for the desired purpose is essential. For example, catheters made of polyvinyl chloride (PVC) or vinyl do not allow the coils to glide within the catheter, resulting in occlusion of the catheter.
 
 Figure 13-18.  Fluoroscopic image of embolization coils (white arrowhead) occluding the internal carotid artery of a horse affected with guttural pouch mycosis. Note the position of the catheter (black arrow) within the artery, and injection of contrast material demonstrating arte rial occlusion (white arrow).
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 Similarly, selection of too small a coil diameter allows the coil to travel farther into the arterial vasculature, where it might embolize an undesired vessel. For details on use of this technique to control bleeding from guttural pouch mycosis, see Chapter 46.
 
 THROMBECTOMY Astrid B.M. Rijkenhuizen Thrombectomy is performed in chronic arterial occlusive disease of the aorta and its caudal arteries, also referred to as aortic-iliac thrombosis (TAI). At first the symptoms are only induced by exercise, but in a later stage they also occur at rest. They signal ischemia in the hind limb tissue because of insufficient perfusion. The disease is progressive with a gradual onset. The clinical signs are related to the degree of vascular occlusion, the presence of collateral circulation, and the rapidity of the onset of the occlusion.33,34 Affected horses could be asymptomatic or show only vague performance complaints. The most common manifestation is a predictable exercise-induced lameness that ceases with a resting period of 5 to 10 minutes. Patients who are forced to train “through the pain” show a more severe lameness and might require significantly more time for the symptoms to resolve. After physical activity, absence of sweating, retarded vein filling, and hypothermia of the distal extremity of the affected limb(s) can be observed. Occasionally a thrombus embolizes from a proximal source and acutely occludes a distal peripheral artery. After training, acute coliclike signs can develop (pawing, straining, sweating, lying down and rolling), mostly combined with a severe lameness. The diagnosis is based on history, clinical presentation, rectal palpation combined with ultrasonography, and scintigraphy.35-42 Information on the onset of ischemic symptoms, the duration of symptoms, the characteristics of pain, and any alleviating factors are helpful. The absence of a palpable pulse in an extremity is probably the most common physical finding. Rectal ultrasonography is used to recognize the thrombus in the aorta and the internal and external iliac arteries. Doppler-based ultrasonography renders both an anatomic and a functional assessment of the femoral artery condition in the inguinal region and is used to estimate the severity of a the arterial occlusion.11 The femoral artery is visualized in the femoral triangle, which is bordered caudally by the pectineus muscle and cranially by the sartorius muscle, over a distance of approximately 15 cm (6 inches). In unilateral cases, the unaffected hind limb can be scanned as a reference. To monitor the development of hypoxemia in the affected hind limb the oxygen pressure in venous blood samples before and after a workload can be measured.37 The samples are taken from the right and left saphenous veins as far proximally as possible, at the level of the stifle joint. Samples are collected anaerobically in heparinized 2-mL syringes, which are immediately sealed so they are airtight and then immersed in melting ice. Within 15 minutes after the first sample is taken they are tested in a blood gas analyzer (ABL 505, Radiometer, Copenhagen, Denmark). Treatment with exercise programs and pharmacologic therapy with sodium gluconate, with or without fibrinolytic enzymes, anticoagulants, and vasodilatators, have thus far been unsuccessful.34,38,39,41,43,44 Promising results can be obtained by restoring blood supply to the ischemic regions through vascular surgery such as thrombectomy. For this purpose a Fogarty graft
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 thrombectomy catheter (length of 50 cm [20 inches], a closed diameter of 4 mm, and an expanded diameter of 16 mm) is used to improve the blood flow to the limb.
 
 Surgical Technique37 The horse is anesthetized and positioned with the hind quarters in dorsolateral recumbency with the affected limb close to the table and the head and neck in lateral recumbency. The uppermost hind limb is secured in flexion and abduction. The incision (approximately 10 cm) is made medially over the saphenous vein where its course changes from superficial to deep. Subsequently, the vein and the surrounding muscles are bluntly separated and the femoral artery is identified. Just before the artery is clamped 20 mL of a heparin solution (Heparin Leo (LEO Pharma A/S, Ballerup, Denmark), 250 IU heparin/mL physiologic saline) is injected into the femoral artery in distad and proximad directions. Careful blunt dissection allows mobilization of the artery and placement of ligatures and two vascular clamps (aortic forceps, DeBakey-Morris) proximally and distally to prevent excessive loss of blood during surgery. Small arterial branches of the femoral artery are ligated. A transverse arteriotomy is made and the blood flow is tested by loosening the vessel clamp and letting the ligature slip. Visible thrombi are loosened from the arterial wall and removed with forceps (Figures 13-19 and 13-20). The Fogarty catheter is subsequently inserted into the femoral artery in collapsed form, directed proximally, and positioned beyond the thrombi. The catheter has a flexible wire coil at the distal end that expands when retracted to form a double-helix ring (Figure 13-21). The sliding knob on the handle of the catheter is retracted slowly, which causes the wire loops to expand partially and carry the thrombi along as the catheter is withdrawn. This procedure is repeated with the diameter of the coil more expanded until no resistance during withdrawal of the catheter is felt and no more thrombi are retrieved. By removing this blockage, blood flow is restored from the proximal side. When indicated, an additional thrombectomy is performed distal to the incision. Before closure of the artery, blood is allowed to flow freely for a short period to remove detached thrombi and air. The incision in the femoral artery is sutured using a simple continuous pattern of monofilament polypropylene (USP 5-0). Fascia and subcutis are closed with a simple continuous suture; then the skin is closed using an intradermal continuous pattern.
 
 Figure 13-19.  A thrombus is removed with the help of a forceps.
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 Figure 13-20.  Removed thrombi.
 
 previous level.46 No association could be made between the duration or the severity of the clinical signs and the clinical outcome. The success of this procedure depends on the length of time that the thrombus developed and adhered to the arterial wall.46
 
 COMPUTER-ASSISTED SURGERY
 
 Figure 13-21.  Fogarty catheter in closed (top) and expanded (bottom) positions.
 
 Anticoagulation is initiated intraoperatively just before the arteriotomy through the administration of 100 IU heparin/kg or 50 IU/kg low-molecular-weight heparin (Dalteparin Natrium Fragmin, Pfizer, New York) intravenously. This is followed postoperatively by the administration of 50 IU heparin/kg or lowmolecular-weight heparin subcutaneously once plus Carbasalate calcium 5 mg/kg (Ascal, MEDA Pharma, Solna, Sweden) or acetylsalicylate (5 mg/kg) orally once daily for at least 3 months. If there is diffuse intraoperative bleeding, heparin administration can be omitted or delayed, or low-molecular-weight heparin can be used, which lowers the risk of bleeding.45 Hand-walking is advised immediately after surgery. Light exercise can be initiated at 2 weeks postoperatively. A severe complication is the appearance of TAI in the contralateral limb after surgery as a result of thromboembolization induced by clot fragments. Postanesthetic myopathy is seen in 24% of the cases in the affected limb.46 This condition is assumed to be primarily caused by local hypoxemia of various muscle groups.44 Horses with TAI that have preexisting hypoxemia before surgery are therefore at high risk for this complication. Providing adequate padding, positioning the horse correctly, preventing hypotension, and limiting surgical time are extremely important in the surgical management of these patients.44 The prognosis after surgical intervention is reasonable. In a recent study where 17 horses had been operated on, 65% of the horses regained athletic activity and 53% performed at their
 
 Jörg A. Auer Internal fixation of fractures is usually planned on the basis of a radiographic study. Occasionally, computed tomography (CT) is used to determine the exact course of the fracture line as it courses along the bone. Such a study allows the surgeon to determine exactly where to implant screws. Recently, intra operative CT imaging has been introduced into equine surgery to aid in complicated and difficult-to-approach fractures, such as abaxial fractures of the distal phalanx.47 With the help of radiodense markers, the ideal positioning of the implant can be preplanned and accurate measurements taken. Nevertheless, the actual result depends greatly on the surgeon’s skill at inserting the implants according to the preoperative plan. Computerassisted surgery (CAS) allows the surgeon to accurately implement the preoperative plan and to implant screws at the desired location and at the correct angle relative to the fracture plane.48 CAS has been shown in numerous publications to improve accuracy in the placement of screws and other devices in humans.49-51
 
 Technical Equipment The equipment is composed of instruments with passive infrared light-emitting diodes (LEDs), the VetGATE navigation system, (ARTORG Center for Biomedical Engineering Research, University of Bern, Bern, Switzerland) and the Arcadis Orbic 3D C-arm (Siemens Healthcare, Erlangen, Germany) (Figure 13-22). These instruments together define a fractured bone in three dimensions, and they allow real-time planning and observation of the implantation of the screw in three planes simultaneously.52,53 Arcadis Orbic 3D provides higher power and faster scan times in addition to enhanced image quality. Its 3D image data is acquired with 50 or 100 images recorded with a 1024 × 1024 resolution and is calculated in only 30 or 60 seconds, respectively. The acquisition can be repeated as often as necessary to include any anatomical changes that may occur in the operating field during surgery. The Arcadis Orbic mobile C-arm is suited for intraoperative 3D imaging of bones and joints of the upper and lower extremities, and the cervical region. It is important that the region to be scanned is either freely accessible or
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 Figure 13-22.  Equipment used for navigation. A, Arcadis Orbic 3D C-arm (Siemens AG, Munich, Germany). B, The corresponding computer with monitor. C, The VetGATE computer system with monitor (ARTORG Center for Biomedical Engineering Research, University of Bern, Bern, Switzerland). D, The two-eyed navigation camera (Polaris Spectra, North ern Digital Inc., Waterloo, Ontario, Canada) on which the preoperative planning is performed and subsequent surgical guidance is viewed.
 
 positioned on a carbon pad, which allows transmission of x-rays. The isocentric design of the Arcadis Orbic 3D (see Figure 13-22) features a 190-degree orbital movement. Further, both the patient and clinician can benefit from time and radiation dose savings through the isocentric design. Arcadis Orbic 3D can be equipped with VetGATE 3D, an interface for direct 3D navigation. This interface combines the imaging capabilities of Arcadis Orbic 3D with high-precision surgical navigation, eliminating the need for manual alignment of the anatomy to the 3D images. This results in increased accuracy of surgical navigation and optimized clinical work flow. The 3D image data record compares the real patient anatomy through a matching free registration automatically. The C-arm incorporates a digital imaging chain from image acquisition to image processing and documentation. All image information is saved and administrated with a resolution of 1024 × 1024 pixels. With its electromagnetic brakes and ergonomic handles, the system is extremely easy to use.
 
 Surgical Technique First, the dynamic reference base (DRB) (Figure 13-23) is securely attached either to a Schanz screw, which was previously inserted into each of the main fragments of the bone involved. An alternative option available for the hoof is a studded clamp that can be attached to the hoof capsule (see Figure 13-23). Subsequently, the fractured bone is isocentrically positioned between the two components of the C-arm. Positioning is assisted by two laser beams positioned at 90 degrees to each other. The position of patient and table must allow movement of the C-arm over a 190-degree arc without interference (e.g., the surgery table, foot stands). The C-arm and the DRB must be located in the identifiable range of view window of the navigation camera. Over a 1-minute period, the C-arm takes 100 still radiographs (high-resolution mode) over an arc of 190 degrees, which are processed into 256 single pictures. The same number of radiographs can be taken at half the time (i.e., 30 seconds), but in lower resolution. The radiographic images can be viewed
 
 b
 
 Figure 13-23.  The instruments used for navigation equipped with passive light-reflecting balls mounted in different configurations.  A, Battery-powered Colibri drill (Synthes, West Chester, PA). B, The drill guide handle with different sizes of exchangable drill guides (a, 5.5/4 mm; b, 4.5/3.2 mm; c, 3.5/2.5 mm). C, Calibration bloc with different sizes of holes. D, Foot clamp for attachment to the hoof capsule.
 
 in three planes oriented at right angles to each other (in the horizontal, sagittal/parasagittal, and frontal planes). The VetGATE system consists of a two-eyed navigation camera (see Figure 13-22), a computer unit with sophisticated 3D software (see Figure 13-22), the instruments (e.g., power drill, awl), and a calibration unit that allows the surgeon to navigate within the system and to calibrate the instruments under aseptic conditions during surgery (see Figure 13-23). The data collected with the Arcadis Orbic 3D, the predecessor, the SIREMOBIL Iso-C 3D, is subsequently transferred to the VetGATE computer (see Figure 13-22), where the future location of each screw is planned on the screen and marked in length and size. The VetGATE system is then changed to the real-time navigation mode to guide the surgeon during the actual implantation. This is carried out by observing the computer screen and matching the drill and subsequently needed instruments with the planned image in three planes, similar to an arthroscopic technique (Figure 13-24). Once the location is matched, drilling is initiated. As soon as the drill bit crosses the fracture plane, which can be seen on the screen, the drill bit is changed to prepare the thread hole (see Figure 13-24). Insertion is then routine. Three-dimensional navigation systems such as the VetGATE in combination with the Arcadis Orbic 3D have great potential to be a real advantage for the precise and accurate implantation of lag screws in fractures in the horse. It has been used successfully in a limited number of clinical cases. Three controlled studies on cadaveric limbs were conducted with the predesessor of the VetGATE system to evaluate the value of the system.54-56 It could be shown that 3D navigation significantly improve accuracy compared to conventional surgery with C-arm assistance, especially with screw insertion into the distal sesamoid bone. The two studies conducted with the VetGATE system showed significant improvements in accuracy compared to the SurgiGATE (Praxim-Medivision, Grenoble, France, no longer exists) system.52,53 A significant part of the improvement is attributed to the use of a navigated drill guide with exchangable guides for the different sizes of drills and taps used to prepare the screw holes. With the SurgiGATE 1.0 system, the drill guide was not equipped with active LEDs. Therefore even the slightest
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 Figure 13-24.  Screen shot of the navigation monitor during the insertion of a 3.5-mm screw into the distal sesamoid bone. Drilling is per formed while constantly observing the monitor screen. The lighter line shown in the distal sesa moid bone represents the preplanned location of the screw within the bone. The darker line represents the drill bit and shows of the depth of penetration into the bone (in this case, half way). Top two pictures show the drill over the preplanned line in different projections. Bottom left, Only a round circle of the drill bit size can be seen on this lateral projection. Bottom right, A computer animation of the actual situation, where the drill (lighter thick line) is following the preplanned screw location (dark thick line) in space. The preplanned screw length measures 55.7 mm (bottom line, far left).
 
 bending of the drill bits resulted in inaccuracies in implant placement. Other indications for CAS include fractures of the distal, middle, and proximal phalanx; condylar and saucer fractures of MCIII and MTIII; tarsal and carpal fractures, and cystic lesions of the various bones.
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 PRINCIPLES OF CRYOBIOLOGY Mammalian cells are destroyed when cooled to a temperature of −20° C (−4° F).1 Primary injury begins with the formation of ice crystals, both intracellular and extracellular. The cell’s outer membrane becomes ruptured by intracellular crystals, and ice formation outside the cell dehydrates the cellular environment, resulting in lethal electrolyte concentrations and pH changes. When organelles are damaged, the cell loses its ability to regulate ion permeability and cell death ensues. Secondary
 
 14
 
 injury from freezing occurs from vascular stasis. As the permeability of vessels is increased, loss of plasma causes local hemoconcentration. Damaged endothelium in arterioles and venules induces thrombus formation of the vessels, and infarction of frozen tissue occurs within hours of freezing. The cryogenic lesion is a volume of coagulation that closely responds to the extent of the induced ice ball. Rapid freezing results in the greatest intracellular concentration of ice. Thereafter, slow thawing of the tissue results in recrystallization, during which small crystals enlarge, producing
 
 162 
 
 SECTION II  SURGICAL METHODS
 
 more cell damage. To ensure that all target tissue receives a lethal dose of cold, a second freeze/thaw cycle is used. Because precooled tissue freezes faster than normal tissue, repeating this cycle causes necrosis of the target tissue more consistently. Variations in vascularity, noncellular structure, and water content cause tissues to respond differently to cryonecrosis. Dry tissues (e.g., the cornea) do not readily form ice crystals and therefore do not respond to cryotherapy very well. The cellular components of peripheral nerves are destroyed by freezing, but because the fiber scaffolding of the epineurium is not damaged, regeneration is possible.2 Tissues near major blood vessels or in highly vascular areas are difficult to freeze rapidly and tend to thaw quickly without loss of function.3 The use of epinephrine or temporary regional vessel occlusion may be necessary to ensure proper treatment in those tissues. Future developments in cryotherapy may include the use of nanoparticles to improve freezing efficiency. The basic principle is to deliver these particles into target tissues to maximize the freezing heat-transfer process, to regulate freezing scale, to modify ice-ball formation, to enhance ice-ball margin ultrasonographic imaging, and thus to prevent healthy tissues from being frozen.4 Immune responses directed against tumor cells have been documented after cryosurgery, and cryoablation-induced anticancer immune reaction is a well documented phenomenon in people and other animals.5,6 Although this has not been proved clinically in horses,7 numerous case reports suggest secondary tumor regression does occur as a result of cryosurgical treatment of a primary tumor.8,9 Although liquid nitrogen, nitrous oxide, and carbon dioxide are all cryogens used in veterinary medicine, liquid nitrogen 
 
 is the most versatile and therefore the most commonly used. Liquid nitrogen has a boiling point of −195.8° C (−320.4° F). Cryogens, usually stored in liquid form in Dewar flasks (Figure 14-1), can be delivered as a spray or used by super-chilling a probe. Two types of probes are used: hollow probes and solid probes. When hollow probes are used, liquid is circulated through the probe and exits under pressure through a small opening. When solid probes are used, they are chilled by immersion into the liquid cryogen.
 
 Indications Cryosurgery does not require a sterile field. Therefore, it is a good choice for the treatment of benign and neoplastic cutaneous lesions. It can also be used in the mouth and in ocular surgery. By far the most common tumor that is treated with cryotherapy is the equine sarcoid. However, a plethora of skin conditions amenable to surgery can be treated by cryotherapy (see Chapter 29). Because there is frequently no need for general anesthesia of horses afflicted with skin lesions, cryosurgery has an advantage over other types of surgical extirpations—it frequently can be done on an outpatient basis.
 
 INSTRUMENTATION Sprays Self-pressurizing spray guns (Figure 14-2) deliver a combination of vapor and droplets of liquid cryogen and are a most effective
 
 Figure 14-2.  Special container used to deliver liquid nitrogen through
 
 Figure 14-1.  Insulated Dewar flasks are used to store liquid nitrogen. This tank is fitted with a special adaptor lid and spray gun attachment. Note the pressure gauges used to regulate the liquid nitrogen.
 
 a self-pressurizing spray gun. A thermocouple needle is to the left of the pyrometer, which is used to measure the temperature achieved beyond the limits of the targeted tissue. This single-channel monitor allows the needle to be placed into the tissue adjacent to the deepest portion of the target. When the temperature reaches −20° C, all unwanted tissue is destroyed.
 
 method of cryogen delivery. As liquid nitrogen contacts the tissue, it evaporates, or changes from the liquid to the gas phase. This has been shown to remove a greater amount of heat from treated tissue than is achieved with probes. The volume and size of the spray droplet are controlled by the diameter of the needle orifice (Figure 14-3) and the trigger in the pressurizing gun. The surgeon can gauge the volume of the cryogen so that the wetting conforms to the shape of the tumor’s surface. However, care must be taken to prevent excess liquid cryogen from running off onto surrounding skin. It is common to pack the surrounding area with Vaseline-impregnated sponges to prevent this runoff. Alternatively, a spray cup can be used that has the advantage of controlling runoff. A cup size (Figure 14-4) is chosen that fits over the tumor, and as the spray is applied, droplets form a liquid pool over the tumor.
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 Probes Hollow probes are cooled by circulating a liquid cryogen through them. Hollow probe freezing is easiest to control, but the rate at which it cools an area is slow compared with the rate achieved by spray and solid probes. Hollow probes can be used for either contact or penetration freezing, depending on the configuration of the probe (Figure 14-5). During freezing, traction can be used to lift the tumor away from underlying structures as an ice ball is extended to the monitored limits.10 Penetration freezing can be performed in larger lesions where a core biopsy specimen is removed from the center of the tumor (Figure 14-6) and the cryoprobe is placed within the mass. Contact freezing with solid probes is a very efficient manner of delivering cryotherapy to variously sized tumors, based on the size of the probe (Figure 14-7). As multiple probes are placed within the liquid nitrogen (Figure 14-8), they can be removed
 
 Figure 14-3.  Two examples of needles that attach to the spray gun to
 
 Figure 14-4.  Spray cups come in a variety of sizes, so the cup can be
 
 deliver liquid nitrogen sprays directly onto the tissue to be frozen. The volume and size of the spray drop is determined by the diameter of the needle orifice.
 
 fitted over a tumor, and as the spray is applied, droplets form a liquid pool contained by the cup. This prevents runoff generated by the spray method.
 
 Figure 14-5.  Hollow probes come in a variety of shapes and can be used for either contact or penetration freezing.
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 Figure 14-6.  Core biopsy instruments used to remove the center of a tumor so that the same size of hollow spray probe can be inserted into the center of the tumor to perform penetration freezing.
 
 Figure 14-8.  A special container is used into which liquid nitrogen is poured and the contact probe is submersed to attain the proper temperature before applying it to a tumor.
 
 Figure 14-7.  Solid probes come in a variety of sizes, each fitted with a separate plastic handle that does not become chilled as the probe is immersed in liquid nitrogen. Various sizes and shapes allow these probes to become a heat sink when pressed onto the surface of the tumor.
 
 and used to freeze tumors quite rapidly—a large advantage when multiple tumors need to be frozen in the same patient.
 
 CRYOSURGERY TECHNIQUES When using either contact or penetration cryotherapy, monitoring the depth of freezing can be done either by subjective inspection or by objective measurement of temperature changes. Subjective assessment is made by visual inspection or palpation of the ice ball. The outer edge of the ice ball is about 0° C (32° F), which is inadequate for tissue destruction. Seventy-five percent of the tissue within an ice ball is destroyed by freezing. The depth of contact freezing is estimated to be slightly less than the radius of the ice ball. Pyrometers can be used to measure the temperature achieved beyond the limits of the target tissue. Single- or multiple-channel monitors are available (see Figure 14-2). Needle probes are placed into the tissue adjacent to the deepest portion of the target. When temperatures of −20° C (−4° F) are recorded, all unwanted tissue is destroyed. Alternatively, ultrasonic evaluation of the margin of the ice ball
 
 can be an accurate method of determining the extent of the freeze. If the tumor has a distinct ultrasonic appearance, it enables more accuracy in controlled freezing.11,12
 
 COMPLICATIONS Normal biologic reactions to freezing include swelling, bleeding, necrosis, depigmentation, and odor of varying degrees. Swelling occurs within hours of freezing because of increased vascular permeability and vasodilation. This is usually self-limiting and resolves in 48 hours. When lesions are biopsied or ulcerated and undergo cryotherapy, vasodilation after freezing can cause hemorrhage to become more obvious and may become cosmetically objectionable to an owner. Therefore, some form of hemostasis should be used during the biopsy procedure and on ulcerated lesions. Necrosis occurs in 14 to 21 days. The wound contracts and epithelializes under a dry eschar that forms over the necrotic tissue. When the eschar sloughs, it usually reveals healthy granulation tissue or recurrence of the tumor. Because melanocytes and hair follicles are destroyed by freezing, the skin will show depigmentation and will not regrow hair. Owners need to be advised of this prior to treatment. Offensive odors accompany necrosis of large tumors: cleansing of the area daily and excision of the necrotic tissue may be
 
 necessary to ameliorate this problem. Freezing cortical bone causes cell destruction and reduces the strength of the bone by 70%. Spontaneous fractures have been reported months after cryotherapy treatment. Additionally, bone tumors do not respond well to cryotherapy, although aneurysmal bone cyst recurrance has been suppressed in people with cryotherapy used as an adjuvant to curettage.13 Auricular cartilage does not respond well to cryotherapy either and can result in shortening or deformity of an ear. Therefore, cryotherapy should be used on skin tumors in the ears with caution.
 
 FUTURE DIRECTIONS The origins of cryotherapy in human medicine began in the 1960s, but enthusiasm for its use in cancer treatment dissipated in the 1980s. However, technologic advances in three areas have led to a renaissance in the interest in cryotherapy.12 These advances are (1) intraoperative ultrasonography, as a technique for monitoring the tissue freezing process, (2) improved cryosurgical equipment, such as vaccuum-insulated small-diameter probes supercooled to −200° C, and (3) advances in instrumentation in mimimally invasive surgery. Additionally, the discovery that cryotreated tumor tissues are biophysically altered to allow enhancement of chemotherapy transport has sparked interest in combined cancer therapy.14 Although these techniques are unlikely to be adopted into equine surgical practice anytime soon, because cancer is not a predominent problem in horses, some of these advances will make it into the hands of the equine surgeon as minimally invasive techniques become more commonplace.
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 Lasers expand surgical capabilities by facilitating minimally invasive surgery, by reaching areas that would otherwise be completely inaccessible, and by interacting with tissue in ways impossible with conventional instruments. Procedures previously requiring hospitalization, general anesthesia, and prolonged convalescence may be accomplished in an outpatient visit. However, lasers are not the most appropriate method for some procedures and the “fit” should not be forced. Laser is an acronym for light amplification by stimulated emission of radiation. The excitation of a contained medium (for which the laser is often named) produces coherent electromagnetic radiation: light. The coherent beam remains intact almost indefinitely instead of diverging and can be manipulated by lenses. Lasers are typically monochromatic (a single wavelength or “color”), which determines interaction with tissue (Figure 15-1).1
 
 15
 
 FUNCTION OF LASERS Surgical lasers produce a range of wavelengths (Figure 15-2) with varying tissue interactions, and understanding this is required to predict the laser’s effect upon tissue. Behavior is determined by the degree to which the tissue absorbs the particular wavelength of laser energy. The more a tissue absorbs laser energy, the less it penetrates into the tissue and the more profound is the effect that is concentrated on the surface. Although deeper penetration allows controlled coagulation (denaturation of protein) of a larger volume of tissue, it may put associated deeper structures at risk of being injured. Complete lack of absorption of a wavelength by a tissue allows complete passage, thus affecting only a deeper tissue. Interaction between laser light and a tissue that preferentially absorbs that wavelength (apart from surrounding tissue allowing selective coagulation/necrosis of that tissue) characterizes the
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 lasers. Ultraviolet wavelengths are generally absorbed by protein, whereas the visible and infrared wavelengths are generally absorbed by water or pigmented melanin or hemoglobin. Wavelengths in common veterinary use are in gray. Er, Erbium; GAA, gallium aluminum arsenide; Ho, homium; KTP, potassium titanyl phosphate; Nd, neodymium; YAG, yttrium aluminum garnet.
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 Figure 15-2.  Tissue absorption of common surgical laser wavelengths. The visible spectrum is beneath the visible range. The near-infrared GAA Diode and Nd:YAG lasers are highly absorbed by dark pigment. However, note the increased absorption of the GAA Diode on the water curve compared to the Nd:YAG laser. The Ho:YAG and CO2 lasers are both highly absorbed by water. Er, Erbium; GAA, gallium aluminum arsenide; Ho, homium; Nd, neodymium; UV, ultraviolet; YAG, yttrium aluminum garnet.
 
 principle of selective photothermolysis.2,3 By heating the target tissue above physiologic temperature but below that which would produce overt sloughing of tissue, the lesion will regress. To “create” selective photothermolysis, pharmaceutical agents that absorb light of a particular wavelength may be administered systemically or locally. After these agents localize in a target tissue, such as a tumor, photodynamic therapy can be applied by using a laser emitting a wavelength that the agent concentrated in the tumor can absorb.4-6 A laser’s effect upon tissue is due to optical and thermal interactions.7 Optical interaction is the true result of absorption (or lack of it) of electromagnetic energy and usually results in a thermal effect when absorbed by tissue. Depending upon amount, heat may “boil” the cytosol, thereby vaporizing the tissue into the smoke plume, or simply denature tissue proteins. Optical interaction is the “true” effect of laser physics of the particular wavelength. When the optical interaction cannot
 
 B Figure 15-3.  Power density profoundly affects rate of tissue effect and collateral heating of tissue. Both water hoses transmit identical flows of water. A, The wider aperture of delivery in the top image produces no mechanical effect on the flower. B, The narrower aperture in the lower image produces a jet of water that can disrupt the flower.
 
 achieve the desired effect, the irradiation is sometimes “artificially” converted to heat before applying it to tissue, which causes the energy to be absorbed at the tip of the fiber, thus producing heat and a profound surface effect on the tissue while minimizing penetration to deeper structures. Energy is measured in joules or calories (1 joule = 0.24 calories). Lasers are rated by power or the rate at which they can deliver energy, which is expressed in watts (W) (1 W = 1 joule/second). The total amount of energy delivered per unit area is fluence, expressed in Joules/cm2, which depends upon time of exposure as well as power density. Power density (W/cm2) is a critically important value that expresses the amount of energy delivered per unit area of tissue. Similar to water at a constant flow in a hose, laser energy delivered through a wider aperture will have a less profound effect than the same amount of laser energy delivered through a narrower aperture (Figure 15-3). Power density is varied by changing the output of the laser, by changing spot size of the laser beam delivered to the tissue (Figure 15-4), by changing the distance from the delivery device to the
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 Figure 15-4.  Power density decreases with the square of the increase in spot size, which in turn increases with distance from the surface. The beams depicted are all CO2 laser beams from machines set to 50 W. The power densities shown below each demonstrate the profound reduction in tissue effect by increasing spot size. Moving the handpiece away from the tissue increases spot size.
 
 Figure 15-6.  Absorption length of various wavelengths of surgical lasers in unpigmented skin. Wavelengths commonly used in veterinary medicine are in dark gray; wavelengths (nm) are stated beside the names. The far-infrared Ho:YAG and CO2 lasers are highly absorbed by water; therefore, they penetrate minimally into skin, whereas the near-infrared Nd:YAG or GAA Diode lasers are absorbed more by the darker pigments of the deeper layers. DTP, Diagnostic and therapy systems for psychology; GAA, gallium aluminum arsenide; Ho, homium; Nd, neodymium; YAG, yttrium aluminum garnet.
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 Figure 15-5.  Focusing handpiece that would be used on an articulating arm of a CO2 laser. The arrow points to the spot of maximum focus for creating a precise incision with minimal effect on margins of wound. The stylus contacts the tissue to fix the focal point and provide a feel on the tissue for making the incision. Below that point, power decreases with distance from the end of the stylus. Slight defocus allows vaporization of tissue with a relatively high power density, and more distance reduces power density to coagulation of tissue protein.
 
 tissue (Figure 15-5), or by changing the delivery device. Power density (PD) varies with the square of the spot size and is calculated by the following formula, where s is the spot size in millimeters and W is the power setting of the laser.
 
 PD(W/cm 2 ) = W/π[(0.1s)/2)]2 Practically speaking, delivery of identical fluence values in different periods of time will produce different results. An acceptable full-thickness skin incision would be created with a 10 W laser beam delivered as a 0.4 mm spot size advanced along the skin for 5 seconds. (It just penetrates the skin completely.) If the rate of advancement is doubled (total time halved), the incision will be shallower because the total laser energy (fluence) has been halved. Conversely, if the original
 
 time were doubled (slowed), the depth of the incision would increase beyond the skin. The same principle applies to any type of laser exposure. The objectives of laser surgery fall broadly into three categories: incision/excision, ablation, and coagulation of tissue. Which of these occurs depends upon power density and absorption length of the laser, which in turn influence the rate of heat generation in tissue (Figure 15-6).7 Incision/excision and ablation result in cell disruption and “vaporization” of tissue into smoke. Coagulation here refers to denaturing of tissue proteins, which grossly appears as blanching and contraction of tissue. Excision is simply incising to dissect and remove tissue, and ablation refers to vaporization of tissue into smoke. Highly concentrated laser energy (i.e., high power density) is required to efficiently cut tissue with minimal heating of surrounding tissue. Because laser energy has no mass to separate tissue, tension on the tissue is necessary to separate the incised surfaces; without tension, excess heat will accumulate and the margins will be jagged and eventually necrotic. Collateral heating of tissue can be a substantial contribution to wound dehiscence because it produces a zone of necrosis along the wound margin. A small zone of necrosis has no effect on an open wound after resecting a mass, but it profoundly affects healing of a primarily sutured incision. Adequate power density to incise quickly8 is critical to create a precise incision with healthy adjacent tissue to achieve primary wound healing. A CO2 laser in continuous mode at 50 W delivered with a 0.16-mm focused spot size yields a power density of 248,880 W/ cm2; a waveguide-delivered CO2 laser at 8 W through a 0.4-mm
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 ceramic tip delivers approximately 6,300 W/cm2. The former will produce an incision more efficiently, but it should be moved quickly across the tissue to limit penetration to the skin. The latter will produce an acceptable incision if tension is adequate to separate tissue and the waveguide is passed once and quickly across the skin. The skin defect will be 0.24 mm wider than the former with a perfect incision, which is clinically insignificant. With a small spot size, a single pass with efficient movement across the tissue and adequate tension on the tissue, 5,000 W/ cm2 is a minimally sufficient power density to avoid collateral thermal necrosis (Figure 15-7).8 However, most experienced surgeons apply a significantly higher power density and work efficiently (Table 15-1). While learning, the tendency is to reduce the power setting and move tentatively or in multiple passes causing the laser to remain on the tissue longer and increasing the width of the wound and collateral heating. Incisions often dehisce because the margins necrose from thermal injury. Reports of laser research should be examined closely to detect flawed methods. Incisions created with the CO2 laser were reported to have reduced tensile strength upon healing, with more necrosis and inflammation compared to steel (scalpel) incisions, but the laser incisions were created using a power density of 1,990 W/cm2, which resembles comparing a scalpel to electrosurgery.9 Laser energy is often delivered in continuous mode (i.e., uniform throughout application of the energy to tissue); some lasers have no other mode available. However, pulsed modes tremendously increase efficiency and minimize collateral heating of tissue. The principle is that spikes of laser energy at
 
 200 Hz or more increase power density substantially while the interruptions allow tissue to cool slightly, which minimizes diffusion of heat into adjacent tissue.10-12 A CO2 laser in continuous mode at 50 W delivered with a 0.16-mm focused spot size yields a power density of 248,880 W/cm2. In its pulsed mode,
 
 Laser beam
 
 Smoke plume Laser crater Carbonization
 
 Area of thermal necrosis
 
 Tissue
 
 Figure 15-7.  Range of tissue changes from laser beam. With sufficient power density, a laser beam has a central area of tissue vaporization/ ablation shown by the crater in this drawing. A layer of carbonization occurs when tissue that has been significantly heated cools to produce char. The area of thermal necrosis is where tissue is heated beyond physiologic limits and sloughs later. The goal of incisive surgery is to use adequate power density to create as little carbonization and thermal necrosis as possible.
 
 TABLE 15-1.  Common Laser Techniques Laser
 
 Description
 
 Capacity
 
 Accessories
 
 Preference for Skin Incision
 
 GAA diode laser
 
 Quartz fiber delivery
 
 25-50 W
 
 600 and 1000 μm quartz fibers. Handpiece to hold fibers.
 
 1000 micron fiber sculpted down to approximately 600 μm at the tip.
 
 Nd:YAG laser
 
 Quartz fiber delivery
 
 100 W
 
 Gas cooled
 
 Conical sapphire tip
 
 CO2 laser Articulated arm delivery
 
 125-mm focusing handpiece. Minimum spot size 0.16 mm
 
 Minimum 30 W
 
 Computerized pattern scanner very useful for partial-thickness ablation of skin tumors or corneal tumors
 
 CO2 laser Waveguide delivery
 
 0.25-4 mm (spot size) tips
 
 15-40 W
 
 30-50 W pulsed mode. Better hemostasis in continuous mode if wound is to be left open. Super pulse available
 
 Laser smoke evacuator
 
 Many brands available
 
 Spare filters
 
 GAA, Gallium aluminum arsenide; Nd, neodymium; YAG, yttrium aluminum garnet.
 
 Comments 25 W is insufficient for noncontact vaporization. 600 μm fiber too fragile for general surgery. Sterilize fibers for aseptic procedures. Impractical to own both diode and Nd:YAG lasers. Sterilize handpiece and use sterile sleeve for aseptic procedures
 
 No lens focus of laser beam. Power density varied with distance, power setting or changing diameter of tip. Performance drops off quickly when filter fills. Sterilize hose for aseptic procedures.
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 Continuous Laser
 
 Laser power (watts)
 
 Pulsed Laser
 
 Time
 
 Figure 15-8.  Pulsed laser energy compared to continuous laser energy. Pulsing higher power densities for short durations (vertical bars) produces a more efficient tissue effect with less collateral tissue heating compared to a continuous beam (horizontal bar) emitting the same average power (fluence). The tissue cools slightly between the pulses.
 
 400-W power spikes provide power densities of 1,990,446 W/ cm2 while producing a fluence that is no more than with the continuous delivery (Figure 15-8). The technique depends upon the interval between laser exposure to avoid exceeding the thermal relaxation time of the tissue, which is the time required to cool 50% of the heat applied without conducting heat to the surrounding tissue. By supplying a second pulse before the tissue cools further, potential char is vaporized and tissue debris is evacuated as smoke or steam. This feature produces a skin incision with less collateral thermal injury than from a continuous wave.13 Laser energy can be delivered to the tissue in a noncontact or contact manner. As the term implies, with noncontact, nothing touches the tissue except the laser light, imparting a purely optical interaction. Sapphire tips touch tissue to deliver intense heat, and tips of quartz fibers produce varied interactions depending upon wavelength.
 
 LASERS COMMONLY USED IN VETERINARY SURGERY Carbon Dioxide Laser The CO2 laser is the classic instrument of general surgery. With only optical delivery, it has the convenience of having no fibers to stock or maintain (Figure 15-9, A). More CO2 lasers than any other wavelength are in use in human and veterinary surgery.14 This laser emits energy at 10,600 nm in the far infrared range; water absorbs this wavelength so completely that energy penetrates only 0.03 mm into tissue.14,15 The ability to precisely control the effect makes the CO2 laser safe for application to tissue overlying critical anatomic structures. Corneal squamous cell carcinoma can be ablated down to stroma without a deeper effect. However, heat can be conducted into normal tissue beyond the laser effect, which is of particular concern when applying laser to a thin structure, such as the cornea or an ear. A computerized scanner considerably reduces this risk (see later). When using continuous energy without a scanner, an ice pack on the back side of an ear is helpful. When 50 W of energy is administered through a 125-mm handpiece to focus through a lens to a 0.16-mm spot size, the power density is 248,680 W/cm2, which incises skin with 0.1 mm of collateral tissue effect. Microscopically, the “incision” actually has removed tissue; the narrower the spot size,
 
 A
 
 B
 
 Figure 15-9.  A, Typical higher-powered CO2 laser delivered through an articulated arm with a lens-focusing handpiece. B, Typical CO2 laser delivered through a flexible waveguide and handpiece with variable aperture tips. (B, Courtesy of Aesculight, LLC, Woodinville, WA.)
 
 the more natural the closure. Without changing settings, the handpiece can be retracted to defocus the laser beam to a 2-mm spot (1592 W/cm2) or a 4-mm spot (398 W/cm2), substantially changing the laser effect. The power density changes with the square of the spot size (see Figure 15-4). The surgeon must acquire the experience to achieve the spectrum of incision, ablation, or coagulation. Hemostasis during CO2 laser surgery is significant but not as profound as with lasers that penetrate tissue more deeply, even though lack of penetration is one advantage of using this laser. Hemorrhage from vessels 0.5 mm or less in diameter and lymphatic drainage are largely eliminated14,16; larger vessels or visible lumens should be ligated. There is too much water in a quartz fiber to transmit CO2 laser energy, so CO2 lasers transmit the energy by reflection from mirrors through an articulating arm with a handpiece and lens to focus the beam (see Figure 15-9, A). Some models deliver the laser beam through a flexible waveguide with a handpiece, and spot size is varied by using interchangeable tips instead of a lens (Figure 15-9, B). CO2 lasers are often equipped with pulsed modes (described previously), thus making incisional surgery similar to that of a steel scalpel possible. Devices that attach to articulated arms of CO2 lasers can deliver the beam laparoscopically, bronchoscopically, or arthroscopically. However, none of the instruments are flexible, and a gas medium is always required. The arthroscopic instrument has been applied to horses,17 and it may be possible to adapt the other instruments for equine applications. Some CO2 lasers can be fitted with semiflexible waveguides to access deeper surgical sites. Waveguides are actually tubes and are not as flexible as quartz fibers. Many waveguides can be passed through the biopsy channel of some endoscopes, but they are fragile. Excessive bending will reduce the laser energy
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 Figure 15-10.  A, Preoperative image of large mixed sarcoid covering the scapular region of a horse. B, Computerized scanner attached to a CO2 laser performing a partial (skin) thickness ablation of the sarcoid shown in A. The surface is even and there is no char formation. The entire lesion will be treated. Leaving the dermis intact facilitates healing and minimizes chance of recurrence. Topical fluorouracil was also used. C, End result of lesion shown in A and B.
 
 or damage the waveguide, leading to a burnout; these should be kept relatively straight. One waveguide can function in a flexible endoscope, but it must be purchased with its specific laser (Omniguide). Computerized pattern scanners are accessories that manipulate the focused laser beam across a preset scan size at a constant velocity to ablate tissue. Without a scanner, a slightly defocused beam is used to create a manual crosshatch pattern to vaporize a surface lesion, but char must be removed with a gauze sponge. The manual technique is workable but generates more heat and is less uniform than with the scanner (Figure 15-10). The difference between manual delivery and computer scanning is that scanners deliver focused laser energy, which ablates tissue completely. The beam moves away before collateral heating occurs and returns before the tissue cools sufficiently for char to form; less heating of deeper tissue occurs. The surgeon must acquire the “feel” of the scanner and keep it moving appropriately or it removes excessive tissue. The power settings should be kept low until the proper technique is acquired. Because this is focused laser energy, reducing the power simply slows the rate of surgery and produces no detrimental effect. Equine general surgery holds many applications for the clean, efficient, and safe CO2 laser.18-20 Proper CO2 laser surgery produces much less thermal injury than electrosurgery,21 and tissue generally swells less than with conventional surgery. Surgical dead space tends to fill less with serum after laser dissection than with conventional surgical dissection.22 In a gas medium, CO2 laser energy can be used arthroscopically for specific applications.17,23 Procedures requiring incision/excision of tissue or ablation of masses are all candidates.
 
 Neodymium Yttrium Aluminum Garnet (Nd:YAG) and Gallium Aluminum Arsenide (GAL) Diode Lasers The 1064-nm Nd:YAG and 980-mn GAL diode laser wavelengths behave almost identically in tissue, so the following discussion
 
 applies to both wavelengths. Many Nd:YAG lasers have been replaced by the less-expensive diode units. Nd:YAG lasers are generally sold with outputs up to 100 W, and GAL diode lasers are most often in the 15 to 50 W range. Higher power output is a reason some continue to use Nd:YAG lasers. The immediately apparent difference between the two is the size of the “box” that produces the laser energy. The Nd:YAG laser is large and on wheels, whereas the GAL diode laser is on a table top or cart. The capability of the laser energy to be generated within very small semiconductor diodes versus a generating chamber results in this difference. The relatively few moving parts involved in the diode “box” cause it to be a very reliable instrument. Because lasers are manufactured with several semiconductors in the diodes, the more-specific term, gallium aluminum arsenide (GAL) diode, is used for this surgical laser. In their purely optical forms, these lasers are absorbed by dark pigment (such as melanin and hemoglobin) and poorly absorbed by water (see Figure 15-2). When the tissue is not obviously dark, the laser energy will convert to heat more slowly as it encounters sufficient pigment or protein deep to the surface, which may take several seconds. That distance could be a few millimeters in pale skin or mucous membrane or a few centimeters in an eye if only cornea and clear aqueous or vitreous humor is encountered. As tissue blackens, more laser energy is absorbed until black char accumulates and limits penetration. To continue, the char must be physically removed or time for tissue to slough must be allowed. Coagulation results in physical contraction of tissue, which will slough during the ensuing several days if the blood supply has been occluded. Vascular stasis occurs when melanin-rich tissues absorb the laser energy and conduct heat to the vascular endothelium, where the coagulation cascade is activated. In tissues with low melanin concentrations, hemostasis occurs when hemoglobin absorbs the laser energy and conducts thermal energy to plasma protein.24,25 The 980-nm diode laser is absorbed by water three times more than the Nd:YAG laser and lower-wavelength diode lasers.
 
 The practical effect is a much more efficient contact incision in tissue in the upper airway with the 980-nm diode laser. Deeply scattered laser energy can damage subsurface tissues, such as nerves or vessels, or coagulate darkly pigmented skin on the ear after passing through white cartilage of the pinna. Misdirected Nd:YAG laser energy in the pharynx can leave a horse dysphagic from damage to the pharyngeal branch of the vagus nerve, which lies deep to the dorsolateral pharyngeal wall. When deeper tissues are at risk, the beam should be directed tangentially across the surface or a contact technique should be used, and the integrity of the sculpted fiber or sapphire tip should be ensured (see later). Diode and Nd:YAG lasers are the instruments of choice for equine endoscopic surgery because the energy is delivered through flexible quartz fibers, which can be inserted through the biopsy channels of video endoscopes. Two types of quartz fibers are in general use. The “bare” fiber is covered with a plastic coating similar to insulation on an electrical wire. That plastic is stripped from the tip for use because it will melt and burn. After stripping, the end is cleaved by scoring the quartz and fracturing the fiber or cutting with scissors to yield a symmetric circle from the aiming beam. A uniformly circular shape of the aiming beam indicates the coherence of the light emitting from the fiber, which is important for uniform delivery of laser energy in a noncontact fashion. With normal use, bare fibers gradually crystallize and burn out, requiring cleaving back to a new area of the fiber, a continuous process until they are too short to use. Activating the laser only when the fiber is in contact with tissue prolongs the fiber life because tissue dissipates the heat. Bare quartz fibers are commonly available in diameters of 600 to 1000 μm. Bare quartz fibers (Figure 15-11, A) used in contact fashion may be “sculpted” to a point to maximize the power density for incisive surgery. The sculpted tip burns away rapidly, leaving a fiber that is the same diameter as the entire fiber. The free beam (noncontact) effect of the fiber returns when the tip wears out. Adequate power density for cutting is generally provided with a 600-μm fiber at an output of 20 W. Larger-diameter fibers require more laser output or sculpting to maintain effective power density for incision and may emit excess laser energy into the deeper tissues at higher power settings. Sculpted 1000-μm fibers cut very well, and the sculpting will last for approximately one procedure. They are stiff enough to have a real tissue feel but may have difficulty bending to reach tissue during endoscopic surgery. Blackening the tip of a bare fiber by firing it on a tongue depressor or, more conveniently, with a black permanent marker causes the energy to be absorbed at the fiber tip so it cuts efficiently (Figure 15-11, B). Noncontact application of laser energy requires relatively high power settings and high power densities for an adequate tissue effect. Smaller fibers transmitting 20 to 25 W can vaporize small areas but burn out very rapidly. With higher outputs, such as 50 W, more tissue effect is accomplished, but bare fibers still tend to overheat at these levels. A fiber burning out inside an endoscope can badly damage the scope. Gas-cooled coaxial fibers contain a 600-µm quartz fiber passed through a plastic tube that conveys cooling gas or liquid (Figure 15-11, C). A metal tip joins the two at the end of the fiber, enabling the fiber to be used to deliver noncontact laser energy, or it can be fitted with a sapphire tip for contact lasing. Compared to the bare quartz fiber, higher powers can be transmitted without burning out the fiber. Care must be taken not to touch tissue with the cooling port because clogging will cause the fiber
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 to burn out. If the fiber tip burns out, a new tip must be refitted or the tip must be replaced.26 If the metal tip flares during burnout, it should be cut off from the fiber before withdrawing the fiber from the endoscope or the metal edges could lacerate the biopsy channel in the endoscope. Because they are generally higher powered machines, Nd:YAG lasers are equipped with mechanisms for gas or liquid cooling of coaxial quartz fibers. This capability can be added to diode lasers.
 
 Holmium:YAG (Ho:YAG) Laser The near-infrared (2100 nm) Ho:YAG laser is a pulsed laser that has been used in orthopedics, but more recently it has been applied in urology. The wavelength is substantially absorbed by water, an advantage for endoscopic ablation of soft tissue while protecting deeper structures.27 The effect is enhanced in a water medium, which concentrates the energy within an air bubble formed where the laser contacts tissue. In an air medium, the delivery is noisy, and tissue is displaced slightly with each pulse. In the upper airway, the noise can be distracting for horses, and the delivery is not as precise as with the continuous Nd:YAG or diode lasers. This laser will ablate or “drill” cortical bone. I experimentally attempted distal tarsal articular cartilage débridement, but the fiber would not follow the contour of the joint and drilled into the depths of the distal tarsal bones. The Ho:YAG laser has been used in equine arthroscopic surgery to remove palmar and plantar chip fractures of the proximal phalanx with good results.28 The laser tip facilitated separation of the chip from the underlying bone and removal of hypertrophied synovial villi without bleeding. Additionally the fibrous tags could be vaporized to leave a smooth surface. However, this type of surgery was more time-consuming than the conventional chip removal with comparable results, which led to the cessation of Ho:YAG laser application. The Ho:YAG laser is used for human29,30 and small animal lithotripsy.31 The Ho:YAG laser effect on uroliths has been described as primarily photothermal drilling of the stone32,33 or surface ablation34 compared to the broader effect described for the pulsed dye laser. The overall performance has been inefficient in horses,35,36 but some smaller, less-compact equine uroliths have been successfully addressed.37
 
 Pulsed Dye Laser The laser-generating medium is an organic dye that is activated by a flash lamp or another laser, resulting in a visible 400 to 700 nm wavelength absorbed by hemoglobin and urinary calculi.33 Some machines allow variation (tuning) of the wavelength.33 Lithotripsy is performed in a water medium, producing a combination plasma formation and the photoacoustic effect derived from the pulsed delivery. Plasma formation is the result of focal accumulation of charged gas and ion particles resulting from the true optical laser-tissue interaction; mineral disappears in a manner similar to smoke in an air medium. Subsequently, expansion of minute cavities of steam along with the photomechanical energy from the pulse cause the stone to fragment.33 Quartz fibers, which are generally smaller (200 to 320 μm) than for other lasers, are used for lithotripsy. Fiber rigidity is not necessary because it is strictly a contact “end-on” procedure. However, the small-diameter fibers are fragile and expensive. The pulsed dye laser has proven useful for equine laser lithotripsy.38,39 Calcium carbonate uroliths can be removed from
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 Figure 15-11.  A, Bare quartz fibers (1000-µm) for use with Nd:YAG or diode lasers. The fiber on the left is a plain cylindric tip for free beam (noncontact) transmission of laser energy. The fiber on the right has been sculpted into a chisel point to increase power density for contact laser surgery. Both ends eventually burn out, requiring stripping back the plastic coating and cleaving the quartz in a fresh site. Although it is possible to manually resculpt the tip, it is tedious and not as accurate as replacing the fiber. B, A bare quartz fiber is being blackened with a permanent marker. The black pigment absorbs the laser energy for an immediate effect on tissue and limits deeper penetration of laser energy. As the marker pigment burns off, the heat itself and tissue char blackens the fiber for continuing until the tip must be cleaved again. C, Gas-cooled fiber for use with the Nd:YAG laser. The quartz fiber inside the plastic tubing can transmit 50-100 W of energy without burning out because the gas circulating in the tubing cools it. The ports in the tips (inset) must remain clean for cooling to continue. The fiber can be used in noncontact fashion with the bare tip only, or sapphire tips of various types can be screwed onto the tip. Illustrated in the inset, left to right, are right angle, conical, and end-on sapphire tips. The conical tips are used for incisions, and the others are used for contact ablation of tissue.
 
 geldings by access with a videoendoscope through the penile urethra (see later). The Ho:YAG laser has largely replaced this instrument for human lithotripsy because of its applicability to multiple procedures and reduced maintenance requirements.
 
 GENERAL SURGERY The CO2 laser is the workhorse of general surgery. As a scalpel or scissors replacement, it makes incisions or dissections that are clean, dry and efficient. Because the laser beam has no mass to separate tissue, as a blade does, tension on the tissue is absolutely necessary to achieve the separation and minimize collateral heating of adjacent tissue for optimal wound healing. For a conventional incision, thumb and forefinger suffice; tissue forceps or towel clamps provide extra purchase for more extensive dissections. Tissue will separate along planes with the proper combination of laser energy and traction. The power density (see earlier) can be varied with distance of the handpiece from the tissue to facilitate seamless transition from precise incision to coagulation or ablation of tissue. Small vessels will be sealed; blood flow must be stemmed with pressure to coagulate walls of larger vessels. Larger vessels can be included in the deep coagulation, but ligation is advisable for visible lumens. Subtle superficial coagulation of surfaces of dead spaces will minimize seroma formation, but dead spaces should also be minimized during closure by using conventional techniques. Some surgeons “paint” the wound surfaces with
 
 defocused laser energy to vaporize remaining tumor cells after resection. The CO2 laser effect is significantly less than a millimeter; intentional heating of the tissue may result in delayed necrosis and slough of tissue. The laser should be considered the same as a scalpel in this respect; that is, margins for tumor resection should be adequate. Local chemotherapy widens the margins. The Nd:YAG and diode lasers with handpieces can also be used for incisive procedures, but the skin margins will never be as precise as with a properly created CO2 laser incision. Good results can be obtained in this manner, but primary closures should have sutures set back 2 to 3 mm from the margins. Mass excisions with wounds to be left to heal by second intention will heal normally, but smaller fiber diameters will require frequent cleaving, so a sculpted 1000-μm fiber or a sapphire tip will be more efficient. Hemostasis can be accomplished by using the contact tip to compress the vessel to stem the flow and applying low energy (3 to 5 W). Higher power densities will simply transect the vessel. One advantage of laser over conventional surgery is the capability to ablate (vaporize) tissue, particularly masses. The CO2 laser ablates all tissues efficiently because most tissues have high water content. Any handpiece can be used to ablate tissue by backing away from the tissue to reduce power density slightly from the incisive mode and increase the spot size for more efficiency. The effective distance for the specific handpiece can be quickly determined by observing of the effect; deeper tissues
 
 are safe because of the limited absorption length of the CO2 wavelength. The handpiece is patterned across the tissue until the desired depth is obtained. Occasional interruptions limit overheating of deeper tissues. On thinner structures, such as ears, holding an ice pack on the opposite side will minimize overheating of tissue. A computerized scanner (see earlier) is a significant advantage of ablating with a CO2 laser. The result is a very clean wound bed with healthy tissue remaining (see Figure 15-10). Partial-thickness ablation of thin cutaneous equine sarcoids, ablation of corneal cell carcinoma, or reduction of granulation tissue are examples of procedures that commonly use the scanner. Noncontact ablation of tissue with the Nd:YAG and diode lasers is possible as well. Unpigmented or pale tissues respond only after a few seconds of lasing has caused the tissue to darken. The surgeon must remember that transmission of this wavelength of laser energy can be several millimeters, so deeper structures must be respected.40 Darkly pigmented skin or melanomas begin to vaporize readily. As the process continues, superficial (black) char will accumulate and completely absorb the laser energy, necessitating its removal before proceeding. Noncontact ablation requires a high power density to span the distance to the tissue and vaporize. To be effective with a plain fiber, a higher wattage laser with a larger diameter fiber is needed. Gas-cooled fibers can transmit much higher power and are much more efficient for vaporizing tissue; the gas ports in the tips must be kept clean for proper cooling.
 
 ENDOSCOPIC SURGERY Endoscopic laser technique has expanded the breadth and depth of upper airway and urogenital tract surgery as well as in laparoscopy. New applications appear as needs arise. Endoscopic surgery is much different from endoscopic examination and requires instruction and practice to avoid injury to the patient or damage to the equipment. Video endoscopy vastly improves execution of procedures. For some procedures, a dual channel endoscope improves efficiency because one channel can be used for suction to evacuate blood or fluid without taking time to remove the laser fiber from the other channel. Efficient completion of the surgical procedure is very important because hemorrhage and swelling (which hinder visualization and laser delivery) generally increase with time. A consistent operating space tremendously improves efficiency and outcomes (Figure 15-12). Because quartz fibers pass readily through endoscopic biopsy channels, Nd:YAG and diode lasers dominate this area of veterinary surgery. In general, contact incision is more precise and safer for deeper tissues than noncontact ablation, particularly in the upper airway. However, if the target tissue mass is known to conceal no critical structures (such as an ethmoid hematoma), noncontact ablation may be the best choice. In contact incision, the laser energy is applied at the tip of the laser fiber, which must contact the tissue to be effective. Take care to not place the side of the fiber on the target tissue (like a scalpel would be placed) because the tip of the laser could burn tissue beyond the field of view. The laser should never be activated if the target tissue cannot be visualized. Movement of the tip of the fiber or sapphire tip across tissue is a practiced feel; it should be moved slowly to allow the laser to cut while traction is held on the tissue. If insufficient or no laser activity is occurring,
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 Figure 15-12.  Operating facility for standing endoscopic surgery. The video endoscopic monitor faces the surgeon, making all the movements in the patient mimic those on the screen. The floor around the surgeon and assistants is free of cables or other debris.
 
 immediate cessation of the procedure and inspection of the fiber is critical. A malfunctioning fiber may be damaging the endoscope. The fiber should be allowed to cool a few seconds after lasing stops before retracting into the biopsy channel to prevent damage to the endoscope. Accessory instruments are necessary to provide traction and retrieve tissue, such as a long tissue-grasping forceps. The preferred forceps is a heavy-duty 75-cm forceps with Oschner-type jaws (Figure 15-13). The vertical action of the jaws is universally effective, but instruments with horizontal action or rotating jaws are on the market. Other instruments may be adapted or built for specific needs for various procedures. All standing upper airway laser procedures require profound sedation for the patient to tolerate an endoscope in one nostril and accessory instruments in the other. Access to the caudo ventral pharynx and larynx is facilitated by complete extension of the head; support of the rostral mandible or suspension of the halter is helpful (see Figure 30-2). Topical mepivacaine sprayed over the target tissue and normograde through the opposite nostril via the endoscope reduces reactivity. Persistent swallowing is addressed more effectively by increasing sedation whereas pharyngeal spasm requires additional topical analgesia. Horses undergoing upper airway laser surgery are treated with local and systemic anti-inflammatory medications (Table 15-2). Excessive granulation tissue can be a serious postoperative complication if medications are not administered.
 
 Laser Thermoplasty of the Soft Palate Dorsal displacement of the soft palate (DDSP) is a poorly understood condition affecting racehorses. The rationale for laser thermoplasty is that the ensuing scar tissue formation will stiffen the soft palate, making it more difficult to displace from beneath the epiglottis.41 Immediately before the standing laser thermoplasty, perform a standing bilateral sternothyroideus tenectomy to facilitate rostral movement of the larynx into the caudal margin of the soft palate where possible. Horses with significant pharyngeal inflammation from many causes may present with secondary DDSP, which is not the same
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 Figure 15-13.  Esophageal grasping forceps (75-cm) used to provide traction for endoscopic laser surgery in the upper airway. (1404-881MT, Sontec Instruments, Centennial, CO.)
 
 TABLE 15-2.  Medications for Upper Airway Laser Surgery Drug
 
 Dosage
 
 Dexamethasone* Prednisolone
 
 20 mg IV 1 mg/kg PO sid × 5 days 0.5 mg/kg PO sid × 5 days 0.5 mg/kg PO sid every other day 5 times 2.2 mg/kg PO bid × 14 days PO 14 days 20 mL bid via nasal tube × 21 days
 
 Phenylbutazone Oral antibiotic Throat spray†
 
 *Given preoperatively. † Formula: 225 mL glycerine, 50 mL dimethyl sulfoxide (DMSO), 50 mg dexamethasone, qs to 500 mL with saline.
 
 situation as described previously. Correcting the underlying problem often corrects the DDSP, and laser thermoplasty in the presence of inflammation would be contraindicated. Unless the soft palate will remain displaced (rare), the epiglottis must be elevated for access to the caudal margin of the soft palate, but the epiglottic cartilage should not be grasped or abraded. Use a diode laser set at 20 W with a 600-µm fiber applied in a “pin fire” contact fashion. The laser fiber is lifted from the tissue just as the pedal is released to prevent its sticking to the tissue; keeping the laser activated too long causes the fiber to burn out rapidly. A rhythm is soon acquired. Particular attention should be given to the caudal margin of the soft palate without injuring the subepiglottic mucosa; the entire treated area is slightly wider and longer than the epiglottis in its normal position, which requires approximately 1500 J. Care is taken to make pinpoint contacts and not linear incisions in the soft palate (Figure 15-14). Postoperatively, horses are treated with prednisolone, phenylbutazone, and an oral antibiotic (see Table 15-2). Training can be resumed approximately 10 days postoperatively, provided that the soft palate has healed completely and pale scar tissue has formed. More time is required if the surface remains ulcerated or hyperemic because fibrosis is incomplete.
 
 Laser Ventriculocordectomy (LVC) The ventricle and/or vocal cord (also called vocal fold) have been variably removed with or without prosthetic laryngoplasty (PL) for many years. Bilateral conventional ventriculocordectomy without laryngoplasty reduces the noise associated with
 
 Figure 15-14.  Laser thermoplasty of the soft palate. The epiglottis is elevated for access to the soft palate. A 600-µm quartz fiber is being applied to cover slightly more than the area of the epiglottis. Particular attention is given to the caudal margin.
 
 left laryngeal hemiplegia (LLH),42 and left LVC using a laser reduces airway noise and restores airway pressures to normal in experimental horses with LLH.43 Those horses were shown to have complete removal of the ventricle and a solid arytenoidthyroid cartilage fibrous adhesion to prevent arytenoid collapse during exercise.44 From these data, LVC using the laser would seem to stabilize the arytenoid position after PL, and PL (when performed) would seem to facilitate the position of the adhesion following LVC. Although all horses with LLH can return to normal work with a left LVC, occasional failure of that scar has been observed in racehorses presumably as a result of repetitive and prolonged negative upper airway pressures. Perform LVC in all horses with LLH,45 but racehorses and other high-level athletes also have a prosthetic laryngoplasty (see Chapter 45). Noncontact laser mucosal ablation to obliterate the ventricular space has been reported.46 Contact excision of the ventricle and vocal fold is preferred to obtain a tight arytenoid-thyroid adhesion44; no ventricular mucoceles have been reported using this technique. The dissection can be performed using a single grasping forceps for everting the ventricle and dissection of the vocal fold.47 A transnasal sacculectomy burr that everts the ventricle and provides traction and tension on the vocal fold facilitates the procedure (Figure 15-15, A and B).43,48 Perhaps the single most important factor in performing LVC is efficient execution of the surgery because delay allows hemorrhage, which obscures vision and absorbs laser energy. The most consistent significant vessel encountered is located at the ventral aspect of the vocal fold, so it helps to save this area until traction can be applied to minimize the hemorrhage. Using the burr, dissect ventrad-to-dorsad while rotating the burr clockwise to elevate and retract the tissue. Repulsion and traction with the burr or manipulation with long grasping forceps may be required to complete the procedure; each case is slightly different. Care should be taken not to apply direct thermal energy to the arytenoid cartilage. Leaving a small amount of soft tissue on
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 C Figure 15-15.  A, Transnasal sacculectomy burr shown in a segment of stomach tube used to safely conduct the burr to and from the larynx. (Virginia Roaring Burr, 1271-283 engages clockwise for the left ventricle. 1271-284 engages counterclockwise for the right ventricle. Sontec Instruments, Centennial, CO.) B, The transnasal sacculectomy burr has everted the ventricle. The clockwise torsion of the tissue provides traction, facilitating laser dissection of the tissue, and minimizes hemorrhage. C, Laser ventriculocordectomy site after healing.
 
 the vocal process of the arytenoid cartilage facilitates faster healing. Approximately 10,000 J is required to efficiently complete the procedure using a 600-µm quartz fiber with the diode laser set to 20 W. Postoperative care consists of 30 days of stall rest with unlimited hand walking and 30 days of light turnout in a small paddock. Training can resume during the third month but speed should be reserved for the fourth month to allow complete maturation of the adhesion (Figure 15-15, C). Early airway turbulence (including continuous screaming) or failure to properly medicate may cause excessive granulation tissue to develop; small to moderate granulation tissue masses usually shrink without treatment. Medications include the entire list in Table 15-2.
 
 Epiglottic Entrapment Epiglottic entrapment (EE) refers to the dorsal displacement of the aryepiglottic fold to stretch over and envelop the epiglottic cartilage (see Chapter 44). The goal of surgery to correct EE is to transect the restricting aryepiglottic fold effectively, lengthening it so it can no longer maintain the position; the procedure effectively converts the entrapment to a subepiglottic ulcer. The advantage of endoscopic laser transection is that neither general anesthesia nor laryngotomy is required. Contact49 and noncontact50 laser techniques have been described. Both consist of sequential rostrad-to-caudad removal of tissue covering the epiglottis until it divides. The contact technique requires a wedge-shaped sapphire tip to separate the tissue without a separate traction instrument. With more substantial long grasping forceps available, the entrapment can be
 
 grasped and elevated from the epiglottic cartilage and transected in a vertical caudad-to-rostrad manner, which is more efficient and keeps the laser fiber away from the epiglottic cartilage (Figure 15-16). For thicker entrapments, a small dorsal incision may be created for the forceps to grasp. A diode laser set at 20 W using 600-µm quartz fiber can accomplish the transection in 5 minutes or less. Some entrapping membranes are attached just ventral to the tip of the epiglottis and will not fall away when transected; care must be taken not to damage the cartilage before this is known. The membrane can be repositioned ventral to the epiglottis with the grasping forceps as the incision nears the epiglottis to evaluate how much should be transected. If the aryepiglottic fold remains tight enough to partially entrap when no more tissue is available to transect at the tip, releasing incisions in the aryepiglottic folds can be created along the sides of the fold. When transection is completed, the horse should be stimulated to swallow several times. Extremely thick entrapments may not disappear below the soft palate. If the epiglottis has been released, remaining tissue will contract with rest and medication. Further dissection of thick soft tissue from the ventral surfaces of the epiglottis is not advisable because increasing scar tissue may limit mobility of the epiglottis. Postoperative care consists of topical and systemic medications and airway rest. All the medications listed in Table 15-2 are administered. The time required to heal depends upon the ulcer created by the transection. Thin entrapping membranes heal rapidly and horses can return to training relatively quickly,49 but chronically thickened entrapments already have a granulating mass that must regress. If the subepiglottic mass fails to
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 Figure 15-16.  Transection of a moderately thickened epiglottic entrapment. The grasping forceps elevates and stabilizes the entrapping membrane while the laser fiber transects the membrane dorsally to ventrally. The membrane should be reduced below the epiglottis periodically to be sure the laser doesn’t contact the cartilage.
 
 regress or enlarges, it may physically displace the soft palate from its normal position ventral to the epiglottis. Monitoring of the healing process requires elevation of the epiglottis to examine the healing ulcer. Ideally, mucosal healing will be complete before training resumes, but a few horses will retain a small, mature-looking ulcer that will not seem to cover with mucosa or be a problem for training. Occasionally a healing subepiglottic lesion granulates seemingly out of control; airway stertor at rest may appear. It should be checked endoscopically, but the throat spray should be given four to six times daily until it subsides. Further surgery on an inflamed area is not advisable. When the entrapment has been relieved, the tip of the epiglottis may appear swollen and hyperemic from the pressure that has been there. Some of these epiglottic cartilages shorten in time in apparent atrophy from this inflammation, which may predispose to future DDSP. If that occurs, procedures to correct DDSP may be needed (see Chapter 44). Although most horses with EE are having performance problems, one endoscopic survey of horses in training found EE as an incidental finding.51 Additionally, some horses with EE and an obviously deformed epiglottis perform at least acceptably. If these horses are taken from training for surgery and then must regain their fitness with a shortened epiglottis, they may never regain their previous level of performance. The entire situation should be considered before deciding when to remove a horse from training to correct EE.
 
 Guttural Pouch Tympany Inflation of the guttural pouch(es) (GP) is a rare condition of young foals caused by the salpingopharyngeal orifice(s) functioning as a one-way valve. Unilateral or bilateral outward distention gives the foal a chipmunk-like appearance (see Chapter 46). The majority of cases are unilaterally affected, and
 
 treatment consists of perforating the median septum separating the two guttural pouches, thus allowing air to escape through the normally functioning side.52 Another option is the creation of a new salpingopharyngeal opening on the affected side.53 Bilaterally affected foals must have the median septum perforated and at least one salpingopharyngeal communication established. Alternatively, two salpingopharyngeal communications can be created without perforating the median septum.54 The procedure(s) can most often be performed in the standing foal. If general anesthesia is contemplated, pneumonia may be a factor. Laser division of the median septum is accomplished by driving the endoscope axially immediately after entering the GP. The membrane lies rostral to the vertical longus capitus muscle and may be slightly thicker than normal in affected foals. Entering the unaffected GP in unilateral cases usually reveals the septum displaced convexly into the unaffected GP, facilitating the initial contact. Cranial nerves IX through XII lie along the caudal margin and axial floor of the medial compartment, making the more-controlled contact laser perforation the preferred technique. A 600-µm quartz fiber makes the axial bend easily; a diode laser set at 20 W is sufficient for the incision. Using an endoscope with the biopsy channel at 6 o’clock in the field of view, it is helpful to rotate the endoscope 90 degrees so the fiber presses easily against the membrane. The fiber is positioned well into the dorsal half of the septum at the caudal margin in preparation for a caudad-to-rostrad incision toward the endoscope. When the membrane is perforated, the fiber must be advanced appropriately to maintain contact of the tip of the fiber with the tissue. The hot fiber tip should not come too close to the endoscope. The incision will open a respectable hole in the membrane that is certainly adequate for airflow. However, many such perforations will heal closed52; removing a segment of the membrane is more apt to create a permanent opening (Figure 15-17, A). A section of membrane is removed by creating two parallel horizontal incisions followed by vertical transection of the rostral attachment. The dangling tissue is subsequently grasped with a long forceps inserted into the opposite GP opening to retract the tissue while the caudal attachment is severed. If the surgeon elects not to resect a piece of the membrane, the perforation should be monitored for a few weeks (Figure 15-17, B). If it begins to close, a Foley catheter can be placed for 3 weeks. The simplest salpingopharyngeal orifice creation is ablation of the pharyngeal mucosa just caudad to the cartilage flap (Figure 15-18).53 A Chambers catheter is inserted into the GP flap and rotated so the round tip presses axially, creating a bulge in the mucosa caudad to the external cartilage. The perforation must be created caudad enough to prevent the inner cartilage from obstructing the new opening. A noncontact Nd:YAG or diode laser can be used to vaporize the tissue overlying the catheter tip or a contact fiber can be rotated over the area until the fenestration is complete. A Foley catheter must be placed in the new opening for 7 to 10 days or until the tendency to close has passed. Alternatively, the pharyngeal cartilage flap of the GP opening may be dissected away using a contact technique and long grasping forceps for traction on the tissue. Rarely, pharyngeal collapse caused by guttural pouch distention occurs in an adult horse. Although the affected guttural pouch will be asymmetrically distended and confirmed by radiography, the external distention typical of foals is not present. Treatment for adults is the same as for foals.
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 Figure 15-17.  A, A segment of the guttural pouch septum has been resected, creating a large defect. This should be monitored for a few weeks to be sure it does not heal closed. B, The healed defect in the guttural pouch septum is usually much smaller than it was immediately postoperatively and often closes completely.
 
 Figure 15-18.  A salpingopharyngeal opening has just been created caudad to the left guttural pouch to correct tympany. The Chambers catheter (arrow) is protruding through the new opening; a Foley catheter will be placed through the guttural pouch flap opening and out this new opening to hold it open while it heals. The dorsal pharyngeal recess is visible in the upper left of the photo.
 
 Progressive Ethmoid Hematoma (PEH) Although usually progressive, in that these lesions enlarge over time, PEH is not always located on the ethmoturbinates and is not a simple hematoma. The laser is of limited value for lesions requiring frontonasal bone flaps for access because they must be conventionally debulked. Lesions visible by nasopharyngeal endoscopy may or may not be confined to the nasopharynx. Particularly lesions located against the lateral wall above the ethmoid shelf may also involve the frontal sinus. The
 
 laser is useful for lesions confined to the nasopharynx or ethmoid region. Radiographs should be taken to rule out sinus involvement, although these may be interpreted more easily after removal of obvious nasopharyngeal masses. If the lesion is small, noncontact ablation with a higherpower Nd:YAG laser transmitted through a gas-cooled quartz fiber is feasible. For larger masses, it is important to treat the base of the PEH definitively; how the (usually) more rostral portion of the mass is removed matters little. Choices for debulking the larger masses include: formalin injection; snaring and amputation with obstetrical wire looped through a stomach tube; or simply grasping the lesion with a long instrument, such as a long sponge forceps, and pulling it out. If removal is incomplete, a combination of these methods is possible. When the base of the lesion is visible, vaporization with the Nd:YAG laser is effective. Packing the ethmoid shelf with gauze sponges soaked in formalin is an effective ancillary treatment. The sponges are tethered to a long heavy suture that is stapled to the skin outside the external nares for overnight at least. The packing can be recharged with formalin through an endoscope or an endoscopically guided artificial insemination pipette if desired; injecting with the instrument held tightly against the packing soaks better and minimizes formalin dripping. The area should be endoscopically monitored for recurrence periodically for the first year.
 
 Subepiglottic Cysts Subepiglottic cysts (SCs) occur in foals and adults (see Chapter 45). These lesions may be associated with upper airway noise, respiratory disease, dysphagia, or poor performance55,56 and may be asymptomatic at rest. Small SCs can be found in epiglottic entrapments and may provide inertia for the displacement. The SC must be removed completely to prevent recurrence. SCs have been resected using contact laser decompression,55 contact laser excision,55,56 obstetrical (OB) wire amputation,55,56 and electrosurgical loop amputation.56,57 Decompression alone
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 led to recurrence. Although results were generally satisfactory, laser dissection and OB wire amputation were associated with a case of dorsal displacement of the soft palate; subepiglottic scar formation was responsible for one. The thermal effect of laser dissection on the ventral epiglottis was expressed as a concern.56 Some prefer electrosurgical amputation of SCs,56,57 which may be performed standing or per os in the anesthetized horse. The unit is set to “pure cutting” and 100 W. The least amount of tissue possible should be in the snare when the amputation is performed. Small lesions that can be snared and retracted completely from the surrounding epiglottic cartilage and soft palate can be amputated with the horse standing. The typical SC in an adult horse is accessed more safely per os with the horse in dorsal recumbency. The soft palate is left in its normal position ventral to the epiglottis to prevent the apex of the epiglottis from curling “up” (ventrally) and obstructing access to the SC. The electrosurgical loop is placed over the SC just “south of its equator” and tightened (Figure 15-19, A). The snare will gather mucosa and stretch it dorsally against the ventral surface of the epiglottis thus minimizing the amount of mucosa removed. Traction is placed on the snare, which is activated to amputate the SC in its entirety (Figure 15-19, B). Postoperatively the horse is rested from airway turbulence approximately 2 weeks or until the subepiglottic ulcer has healed. Prednisolone, phenylbutazone, and an oral antibiotic are administered (see Table 15-2). Neonates are treated the same but some additional caution may be needed. If respiratory disease is present, general anesthesia may be delayed; foals with large SCs may require tracheotomy as the respiratory disease improves. In one young foal with a large SC, for example, there was possible airway obstruction or difficulty intubating after general anesthesia was induced. With the foal sedated, the SC was endoscopically decompressed using an endoscopic injection needle. When the foal was intubated and in dorsal recumbency, the SC was reinflated with saline and amputated using electrosurgery.
 
 A
 
 Endometrial Cysts Endometrial cyst ablation has been reported using the Nd:YAG laser in contact or noncontact fashion. With reasonable caution, there is little chance of full-thickness damage to the uterine wall.40 Uterine distention for visibility is much better with the mare out of estrus. For the noncontact technique, at 50  W or less, the gascooled fiber is positioned approximately 1  cm from the cyst wall, which is “painted” to visibly coagulate the visible tissue; the serous cyst fluid is heated in the process, further coagulating the cyst’s lining. When all of the visible tissue has been blanched, the laser fiber set at 75 to 100  W is used to puncture the cyst and ablate all visible cyst tissue.40 A similar contact technique is effective with a bare quartz fiber at lower power settings.58 Contact laser energy has been used to initially puncture the cyst so the fluid will heat and coagulate the cyst wall. The cyst wall will blanch and contract around the fiber; lasing is continued until it is only a small pale mass on the endometrial surface. Complete electrosurgical removal of the structure with the fluid cyst intact is preferred.59 The process is more efficient, and there is no potential for recurrence. However, extremely large cysts still require laser ablation. The electrosurgical loop/snare is tightened around the base of the cyst, distending the fluid contents. With the electrosurgical unit set at “pure cutting” and 100 W, the intact cyst is amputated and removed with suction through the endoscope or snaring with the electrosurgical loop. Postoperatively, the mare is short-cycled and examined again by the theriogeniologist.
 
 Lithotripsy Cystic or urethral uroliths can be removed completely endoscopically with laser energy transmitted through a quartz fiber inserted through the biopsy channel of the endoscope. The
 
 B
 
 Figure 15-19.  A, The electrosurgical snare is tight around the base of the subepiglottic cyst, ready to amputate. B, The site of amputation of the subepiglottic cyst is minimal if the mucosa is stretched tightly around the cyst. Excessive mucosal removal or damage may lead to excessive scar tissue immobilizing the epiglottis.
 
 pulsed dye38,60 and Ho:YAG36-38 lasers have been used. Although the Ho:YAG laser is widely used in human and small animal urology, the pulsed dye laser is more efficient with large equine uroliths. The Ho:YAG laser essentially pulverizes the mineral, which is a lengthy process in dense stones; however, more porous smaller stones have been effectively addressed.37 The pulsed-dye laser vaporizes the mineral into a plasma, and the pulsed hydraulic pressure fragments the stone. Preoperative urine culture is advisable so treatment can be started in advance. If sabulous cystitis is present, preoperative lavage as needed with 0.5% acetic acid will dissolve the debris and sanitize the bladder. Cases with extreme sabulous cystitis should be evaluated carefully before surgery; for example, one urolith has been observed that was tightly adhered to the cystic wall, which perforated when it was separated endoscopically. No laser surgery had been performed. Although it is possible to perform the procedure through the penile urethra with the horse standing, surgery is much more efficient with the horse in dorsal or lateral recumbency. The procedure is performed under water within the bladder (or urethra) with the fiber passed through the biopsy channel. Tubing from an arthroscopic fluid pump is attached to the biopsy channel and perforated with a needle to accommodate the very small quartz fiber. Fibers are expensive, so efficiency is helpful. When the bladder is distended with fluid, the urolith is located and the fiber is placed directly against the stone. When the laser is activated, the plasma will float away in the fluid medium and fragments will fall away (Figure 15-20). When the accumulation of fragments hinders access to the stone, the endoscope is replaced with sterile plastic tubing with the largest internal diameter the horse can accommodate. Place a hand on the bladder per rectum, which is inflated using the arthroscopic pump. When inflated, the tip of the tube is retracted to the neck of the bladder to funnel debris as the bladder is allowed to
 
 Figure 15-20.  Endoscopic laser lithrotripsy of a cystic urolith. The pulsed-dye laser is turning the substance of the stone to a “plasma,” which is floating away. Fragments that have fallen from the stone litter the foreground.
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 rapidly decompress; the bladder is “bounced” with the hand to keep the debris suspended. The process is repeated until the bladder is completely empty. In most cases, the uroliths can be completely fragmented, but complete removal of the debris may be completed with the horse standing if anesthesia becomes prolonged. It is important to remove all the mineral debris; manual removal of small fragments may require the use of endoscopic biopsy forceps if they won’t wash out. Depending upon the horse, standing laser lithotripsy through a perineal urethrostomy may be preferable. General anesthesia may not be advisable; standing surgery for horses with extremely large stones is recommended. A sterile access tube can be placed in the bladder through the urethrostomy, significantly expediting the procedure.
 
 Laser Treatment of Distal Tarsal Joints Horses that have chronic distal tarsal disease (bone spavin) and that are refractory to medical therapy and corrective shoeing become candidates for surgery. Among the several approaches that have been reported is Nd:YAG or diode laser treatment of the tarsometatarsal and distal intertarsal joints.61 Radiographic fusion of the joints does not occur, so the term arthrodesis does not apply, and fusion is apparently not required to resolve the lameness. The mechanism is more likely desensitization of the capsular sensory nerves. Compared to surgical drilling and sodium monoiodoacetate injection, laser-treated horses were more comfortable.62 For additional information, review Chapters 81 and 97. The procedure consists of fluoroscopically guided insertion of needles into the tarsometatarsal and distal intertarsal joints. Laser energy must not be applied to the proximal intertarsal joint, which communicates with the tarsocrural joint. Each joint must have ingress and egress to evacuate steam if the pressure is sufficient so superheating is prevented; the joint fluid reaches 100o C during the procedure. Because the joints are abnormal, they will typically not allow lavage across the entire joint, requiring two medial and two lateral needles in most cases. Laser energy is applied only if there is fluoroscopic confirmation of correct needle placement, and sterile saline will flush out at least one egress (may not be the adjacent needle). If one side of a joint cannot meet both criteria, that side is not treated. Lack of treating a part of a joint has not affected the outcomes to date. Surgery is performed with the horse in dorsal recumbency, so the fluoroscope can be moved conveniently between limbs. I use a diode laser set at 20 W with a sterile 600-µm fiber. Sixteen-gauge needles are required to accommodate the laser fiber, but 18- or 20-gauge needles may be used for egress. Total energy per joint approximates 1500 J divided between the medial and lateral aspects of the joint, if needed. Gentle pressure is kept on the laser fiber as lasing progresses; some of the fiber will dissipate in the process (Figure 15-21). Removal of the needle and the fiber at once prevents the fiber from breaking inside the needle. Amikacin (250 mg) is placed in each joint after laser treatment. The needles become hot enough to cause skin necrosis, so sterile iced saline–soaked sponges are held over the needles and skin as lasing is performed. This is difficult on the down side of a horse in lateral recumbency, so dorsal recumbency is recommended. Postoperatively, the horse is monitored for lameness and local swelling. Perioperative antibiotic and postoperative
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 SECTION II  SURGICAL METHODS Accelerants should be avoided. Saline should be used instead of alcohol for surgical prep. Heliox (oxygen diluted with helium) can be substituted for pure oxygen when operating close to the airway with the horse under general anesthesia. If these few simple rules are followed, laser surgery is as safe as any other surgery.
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 Figure 15-21.  Laser treatment of the distal tarsal joints. The horse is in dorsal recumbency and the needles are in the medial aspect of the tarsometatarsal and distal intertarsal joints. Laser energy is being applied to the more proximal joint and a plume is escaping from the vent needle.
 
 NSAIDs are administered. If lameness or swelling appears, systemic DMSO (1 L 10% DMSO IV bid) is added and the affected areas are iced; topical NSAID is also helpful. Handwalking for 5 days followed by another 5 days of shed row or light turnout followed by return to training is prescribed.
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 1. Niemz MH: Laser-tissue interactions: Fundamentals and applications. Springer-Verlag, New York, 1996 2. Nemeth AJ: Lasers and wound healing. Dermatol Clin 11:783, 1993 3. Anderson RR, Parrish JA: Selective photothermolysis: Precise microsurgery by selective absorption of pulsed radiation. Science 220:524, 1983 4. Lucroy MD: Photodynamic therapy for companion animals with cancer. Vet Clin North Am Small Anim Pract 32:693, 2002 5. Martens A, de Moor A, Waelkens E, et al: In vitro and in vivo evaluation of hypericin for photodynamic therapy of equine sarcoids. Vet J 159:77, 2000 6. Giuliano EA, MacDonald I, McCaw DL, et al: Photodynamic therapy for the treatment of periocular squamous cell carcinoma in horses: A pilot study. Vet Ophthalmol 11:27, 2008 7. Welch AJ, Gardner C: Optical and thermal response of tissue to laser radiation. p 27. In Waynant RW (ed): Lasers in Medicine, CRC Press, Boca Raton, 2002 8. Lanzafame RJ: Laser/Light Applications in General Surgery. SpringerVerlag, New York, In press 9. Mison MB, Steficek B, Lavagnino M, et al: Comparison of the effects of the CO2 surgical laser and conventional surgical techniques on healing and wound tensile strength of skin flaps in the dog. Vet Surg 32:153, 2003 10. Fitzpatrick RE, Ruiz-Esparza J, Goldman MP: The depth of thermal necrosis using the CO2 laser: A comparison of the superpulsed mode and conventional mode. J Dermatol Surg Oncol 17:340, 1991 11. Fortune DS, Huang S, Soto J, et al: Effect of pulse duration on wound healing using a CO2 laser. Laryngoscope 108:843, 1998 12. Sanders DL, Reinisch L: Wound healing and collagen thermal damage in 7.5-microsecond pulsed CO2 laser skin incisions. Lasers Surg Med 26:22, 2000 13. Lanzafame RJ, Naim JO, Rogers DW, et al: Comparison of continuouswave, chop-wave, and super pulse laser wounds. Lasers Surg Med 8:119, 1988 14. Wheeland RG: Clinical Uses of Lasers in Dermatology. p 61. In Puliafito CA (ed): Laser Surgery and Medicine: Principles and Practice. John Wiley & Sons, New York, 1996 15. Sliney DH: Laser-tissue interactions. Clin Chest Med 6:203, 1985 16. Slutzki S, Shafir R, Bornstein LA: Use of the carbon dioxide laser for large excisions with minimal blood loss. Plast Reconstr Surg 60:250, 1977 17. Doyle-Jones PS, Sullins KE, Saunders GK: Synovial regeneration in the equine carpus after arthroscopic mechanical or carbon dioxide laser synovectomy. Vet Surg 31:331, 2002 18. Carstanjen B, Jordan P, Lepage OM: Carbon dioxide laser as a surgical instrument for sarcoid therapy—a retrospective study on 60 cases. Can Vet J 38:773, 1997 19. Palmer SE: Instrumentation and techniques for carbon dioxide lasers in equine general surgery. Vet Clin North Am Equine Pract 12:397, 1996 20. Carstanjen B, Lepage OM, Jordan P: Carbon dioxide (CO2)-laser excision and/or vaporization as a therapy for sarcoids. A retrospective study on 60 cases. Abstract. Vet Surg 25:268, 1996 21. Palmer SE, McGill LD: Thermal injury by in vitro incision of equine skin with electrosurgery, radiosurgery, and a carbon dioxide laser. Vet Surg 21:348, 1992 22. Palmer SE: Clinical use of a carbon dioxide laser in an equine general surgery practice. Proceedings of the Annual Convention of the American Association of Equine Practitioners 35:319, 1990 23. Nixon AJ, Krook LP, Roth JE, et al: Pulsed carbon dioxide laser for cartilage vaporization and subchondral bone perforation in horses. Part II: Morphologic and histochemical reactions. Vet Surg 20:200, 1991 24. van der Zypen E, England C, Fankhauser F: Hemostatic effect of the Nd:YAG laser in CW function. Klin Monbl Augenheilkd 200:504, 1992 25. van der Zypen E, Fankhauser F, Lüscher EF, et al: Induction of vascular haemostasis by Nd:YAG laser light in melanin-rich and melanin-free tissue. Doc Ophthalmol 79:221, 1992
 
 26. Brunetaud JM, Mordon S, Cronil A, et al: Optic fibers for laser therapeutic endoscopy. p 17. In Jensen DM, Brunetaud JM (eds): Medical Laser Endoscopy, Kluwer Academic Publishers, Boston, 1990 27. Gerber GS, Kuznetzov D, Leef JA, et al: Holmium: YAG laser endoureterotomy in the treatment of ureteroenteric strictures following orthotopic urinary diversion. Tech Urol 5:45, 1999 28. Auer J: Personal Communication. 2000 29. Teichman JM: Holmium:YAG lithotripsy for large renal and bladder calculi: Strategies for efficient lithotripsy. J Endourol 13:477, 1999 30. Grasso M, Chalik Y: Principles and applications of laser lithotripsy: Experience with the holmium laser lithotrite. J Clin Laser Med Surg 16:3, 1998 31. Grant DC, Werre SR, Gevedon ML: Holmium: YAG laser lithotripsy for urolithiasis in dogs. J Vet Int Med 22:534, 2008 32. Chan KF, Vassar GJ, Pfefer TJ, et al: Holmium:YAG laser lithotripsy: A dominant photothermal ablative mechanism with chemical decomposition of urinary calculi. Lasers Surg Med 25:22, 1999 33. Bhatta KM: Lasers in Urology. p. 417. In Puliafito CA (ed): Laser Surgery and Medicine. Principles and Practice. John Wiley & Sons, Inc., New York, 1996 34. Das A: Holmium Laser Treatment of Calculi. p. 21. In Bagley DH, Das A (eds): Endourulogic Use of the Holmium Laser. Teton New Media, Jackson, WY, 2001 35. Moll HD, May KA, Pleasant RS, et al: Fragmentation of equine uroliths using a holmium:YAG laser. Lasers Surg Med Supp 13:44, 2001 36. May KA, Pleasant RS, Howard RD, et al: Failure of holmium:yttriumaluminum-garnet laser lithotripsy in two horses with calculi in the urinary bladder. J Am Vet Med Assoc 219:957, 2001 37. Grant DC, Westropp JL, Shiraki R, et al: Holmium:YAG laser lithotripsy for urolithiasis in horses. J Vet Int Med 23:1079, 2009 38. Howard RD, Pleasant RS, May KA: Pulsed dye laser lithotripsy for treatment of urolithiasis in two geldings. J Am Vet Med Assoc 212:1600, 1998 39. Sullins KE: Noninvasive removal of equine uroliths: Laser lithotripsy. Clin Tech in Equine Pract 1:36, 2002 40. Blikslager AT, Tate LP, Jr., Weinstock D: Effects of neodymium:yttrium aluminum garnet laser irradiation on endometrium and on endometrial cysts in six mares. Vet Surg 22:351, 1993 41. Hogan PM, Palmer SE, Congelosi M: Transendoscopic laser cauterization of the soft palate as an adjunctive treatment for dorsal displacement in the racehorse. Proc 48th Ann Conv Am Assoc Eq Pract, Orlando, Florida, 4-8 December 2002:228, 2002 42. Brown JA, Derksen FJ, Stick JA, et al: Ventriculocordectomy reduces respiratory noise in horses with laryngeal hemiplegia. Equine Vet J 35:570, 2003 43. Robinson P, Derksen FJ, Stick JA, et al: Effects of unilateral laser-assisted ventriculocordectomy in horses with laryngeal hemiplegia. Equine Vet J 38:491, 2006 44. Robinson P, Williams KJ, Sullins KE, et al: Histological evaluation of the equine larynx after unilateral laser-assisted ventriculocordectomy. Equine Vet J 39:222, 2007 45. Henderson CE, Sullins KE, Brown JA: Transendoscopic, laser-assisted ventriculocordectomy for treatment of left laryngeal hemiplegia in horses: 22 cases (1999-2005). J Am Vet Med Assoc 231:1868, 2007
 
 46. Tate LP, Little EDE, Bishop BJ: Experimental and clinical evaluation of Nd:YAG ablation of the laryngeal ventricle and laryngoplasty in horses with left laryngeal hemiplegia. J Clin Laser Med Surg 11:139, 1993 47. Tulleners E: Instrumentation and techniques in transendoscopic upper respiratory tract laser surgery. Vet Clin N Am, Equine Practice 12:373, 1996 48. Sullins K: Videoendoscopic laser ventriculocordectomy in the standing horse using a transnasal sacculectomy burr. Proc 51st Conv Am Assoc Eq Pract 51:312, 2005 49. Tulleners EP: Transendoscopic contact neodymium:yttrium aluminum garnet laser correction of epiglottic entrapment in standing horses. J Am Vet Med Assoc 196:1971, 1990 50. Tate LP, Sweeney CL, Bowman KF, et al: Transendoscopic Nd:YAG laser surgery for treatment of epiglottal entrapment and dorsal displacement of the soft palate in the horse. Vet Surg 19:356, 1990 51. Brown JA, Hinchcliff KW, Jackson MA, et al: Prevalence of pharyngeal and laryngeal abnormalities in Thoroughbreds racing in Australia, and their association with performance. Equine Vet J 37:397, 2005 52. Ohnesorge B, Ameer K, Hetzel U, et al: Transendoscopic laser surgery of guttural pouch tympany in foals—an endoscopic, light- and electronmicroscopic study. Tierarztliche Praxis 29:45, 2001 53. Tate LP, Jr., Blikslager AT, Little EDE: Transendoscopic laser treatment of guttural pouch tympanites in eight foals. Vet Surg 24:367, 1995 54. Krebs W, Schmotzer WB: Laser fenestrated salpingopharyngeal fistulas for treatment of bilateral guttural pouch tympany in a foal. Equine Vet Ed 19:419, 2007 55. Tulleners EP: Evaluation of peroral transendoscopic contact neodymium:yttrium aluminum garnet laser and snare excision of subepiglottic cysts in horses. J Am Vet Med Assoc 198:1631, 1991 56. Ohnesorge B, Deegen E: Diagnosis and minimally invasive surgery of epiglottic diseases in horses. Part 1: Subepiglottic cysts. Tieraerztl Prax 31:215, 2003 57. Sullins KE: Standing endoscopic electrosurgery. Vet Clin North Am Equine Pract 7:571, 1991 58. Griffin RL, Bennett SD: Nd:YAG laser photoablation of endometrial cysts: a review of 55 cases (2000-2001). Proc 48th Conv Am Assoc Eq Pract 48:58, 2002 59. Ittersum ARv, van Ittersum AR: Electrosurgical treatment of endometrial cysts in mares. Tijdschrift voor Diergeneeskunde 124:630, 1999 60. Sullins KE: Minimally Invasive Laser Treatment of Arytenoid Chondritis in Horses. Clin Tech in Equine Pract 1:13, 2002 61. Hague BA, Guccione A: Laser-Facilitated arthrodesis of the distal tarsal joints. Clin Tech in Equine Pract 1:32, 2002 62. Zubrod CJ, Schneider RK, Hague BA, et al: Comparison of three methods for arthrodesis of the distal intertarsal and tarsometatarsal joints in horses. Vet Surg 34:372, 2005 63. Mullarky M, Norris C, Goldberg I: The efficacy of the CO2 laser in the sterilization of skin seeded with bacteria: Survival at the skin surface and in the plume emissions. Laryngoscope 95:186, 1985 64. Engelbert TA, Tate LP, Jr., Malone D, et al: Influence of inhaled smoke from upper respiratory laser surgery. Vet Radiol Ultra 35:319, 1994 65. Alp E, Bijl D, Bleichrodt R: Surgical smoke and infection control. J Hosp Infect 62, 2006
 
 
 
 CHAPTER 16  Suture Materials and Patterns 
 
 181
 
 CHAPTER
 
 Suture Materials and Patterns Jan M. Kümmerle
 
 The history of surgery is intrinsically tied to the development of suture materials. The use of silk and catgut was already described in AD 150 by Galen of Pergamon, who used these materials to suture wounds sustained in gladiator fights, a popular entertainment in the Roman Empire.1 Since that time, tremendous advances have been made in the development of biomaterials, and today the veterinary surgeon can choose from a variety of suture materials. However, the one ideal suture
 
 16
 
 material for every indication does not exist, and the surgeon needs to know the specific properties of each material to make an appropriate choice for each application.
 
 SUTURE CLASSIFICATION Sutures can be classified by several criteria2:
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 • Degradation behavior: absorbable versus nonabsorbable • Composition: natural versus synthetic • Structure: monofilament versus multifilament. Absorbable sutures undergo degradation and loss of tensile strength within 60 days.3 Degradation is mediated by hydrolysis, enzymatic digestion, or phagocytosis. Natural materials are degraded by proteolytic enzymes, whereas the new synthetic absorbable sutures are degraded by nonenzymatic hydrolysis of ester bonds that occurs independent of inflammation. After hydrolysis separates the ester bonds and depending on particle size, phagocytosis may take place.4 Nonabsorbable suture materials are not significantly degraded after implantation and are indicated where extended wound support or implant function is required. Sutures are made from naturally occurring substances, synthetic polymers, or metallic fibers. Natural materials tend to invoke a significant inflammatory reaction and currently have been replaced by synthetic materials. Multifilament suture materials are composed of several filaments twisted or braided together. Generally, this leads to good handling and knot-tying properties and offers superior knot security. On the other hand, their braided structure increases capillarity, facilitates penetration of bacteria, and increases drag resistance while being pulled through tissue. Multifilament sutures may be coated to reduce tissue drag and capillarity. However, coating can reduce knot security, and the coating layer may be damaged during the suturing process, thus leading to recurrence of the aforementioned disadvantages of multifilament sutures.5 A monofilament structure results in lower tissue drag, less risk of infection, reduced tissue reaction, and less tendency of pretied loops to collapse. On the other hand, the higher bending stiffness and greater memory of monofilament sutures as well as their lower coefficient of friction result in poorer handling properties and less knot security. In addition, their stiff cut ends can cause tissue irritation and mucosal ulceration.
 
 SUTURE CHARACTERISTICS Suture Size The United States Pharmacopoeia (USP) standard for suture size (i.e., cross-sectional diameter) is still commonly used. This system uses 0 as the baseline average suture size. As suture diameter decreases, 0s are added or numbers followed by a 0 (2-0, 3-0, etc.; e.g., 000 and 3-0 are the same size). As suture diameter increases above 0, increasing numbers are assigned (1, 2, etc.). Another system is the European Pharmocopoeia. It was established in 1973 and uses a metric system. Suture size is expressed as a number (4, 5, etc.) that corresponds to 1/10 of the suture diameter in mm (Table 16-1).
 
 Flexibility The torsional stiffness and diameter of a suture determine its flexibility.6 Flexible sutures are required to ligate vessels or to perform a continuous suture pattern.
 
 Elasticity Elasticity is the capability of a material to undergo elastic deformation under tension, returning to its original length after stretching. High elasticity will allow the suture to stretch with
 
 TABLE 16-1.  The USP and ESP Classification System for Suture Sizes of Synthetic Suture Materials US Pharmacopoeia
 
 European Pharmocopoeia
 
 Suture Diameter
 
 USP SIZE
 
 METRIC SIZE
 
 mm RANGE
 
 11-0 10-0 9-0 8-0 7-0 6-0 5-0 4-0 3-0 2-0 2-0 0 1 2 3; 4 5 6 7 8
 
 0.1 0.2 0.3 0.4 0.5 0.7 1 1.5 2 2.5 3 3.5 4 5 6 7 8 9 10.0
 
 0.010-0.019 0.020-0.029 0.030-0.039 0.040-0.049 0.050-0.069 0.070-0.099 0.100-0.149 0.150-0.199 0.200-0.249 0.250-0.299 0.300-0.349 0.350-0.399 0.400-0.499 0.500-0.599 0.600-0.699 0.700-0.799 0.800-0.899 0.900-0.999 1.000-1.099
 
 wound edema but return to its original length when swelling has subsided.
 
 Surface Characteristics and Coating The surface characteristics of a suture determine the tissue drag (i.e., the resistance and subsequent trauma when pulled through tissue) and the coefficient of friction.6 Rough sutures cause more injury than sutures with a smooth surface. In delicate tissues, such as the eye or a thin-walled viscus, low tissue drag is particularly important. However, sutures with a smooth surface and low tissue drag require greater tension to achieve good apposition of tissues and they have lower knot security. Multifilament sutures have more tissue drag than monofilament sutures. The coefficient of friction is a measure of the slipperiness of a suture that affects the tendency of the knot to loosen after it has been tied: multifilament sutures have higher frictional values7 and thus knot security.8 Coating provides a smoother surface, reducing tissue drag and the coefficient of friction.
 
 Capillarity Capillarity is the process by which bacteria and fluid are carried into the interstices of a multifilament suture material. Cells of the body’s immune defense system are too large to enter these interstices, and therefore a persistent infection can result, particularly if a nonabsorbable suture is used. Coating can reduce the capillarity. Suture materials with significant capillarity should not be used in contaminated or infected surgical sites.
 
 Memory Memory refers to the capability of a suture to return to its original shape after deformation by tying. Sutures with a high degree
 
 of memory, particularly monofilament sutures, are stiff and difficult to handle.
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 Tensile Strength The suture material’s tensile strength (TS) is the force that the untied suture strand can withstand before it breaks when the force is applied in the direction of its length.
 
 Knot Holding Capacity The knot holding capacity (KHC) is the maximum load to failure when tension is applied to the knotted suture material.
 
 Relative Knot Security Relative knot security (RKS) has been recommended as a standardized way to describe the knot-holding capacity. It is the knot-holding capacity expressed as a percentage of the unknotted suture’s tensile strength by the formula RKS (%) = (KHC/ TS) × 100.
 
 SELECTION OF SUTURE MATERIALS To select an appropriate suture out of the wide range of suture materials, its specific composition and structure as well as biological and biomechanical behavior as they relate to the requirements needed should be considered. The details on characteristics of relevant suture materials are summarized in Tables 16-2 and 16-3.
 
 Selection of the Biomechanically Appropriate Suture Size and Material Certain biomechanical principles should be taken into account when selecting a suture material and its size: • The selected suture should be as strong as the normal tissue through which it is placed. • Tensile strength reduction over time of the chosen suture material should correspond to the healing characteristics and gain in wound strength of the sutured tissue. • A suture is not needed after a wound has healed. • The strength of a wound is more dependent on the involved tissue’s ability to hold a suture than the strength of the suture material itself. • Elastic suture materials are indicated for skin closure to adapt to wound edema; suture materials with high stiffness are required to serve as a prosthesis and for abdominal closure, herniorrhaphy, or joint imbrications. • The use of an oversized suture material may weaken the repaired wound by causing excessive tissue reaction. • For a wound under tension, increasing the number of sutures applied (and/or the use of tension sutures) is preferable to increasing the suture size.9
 
 SURGICAL NEEDLES Surgical needles are manufactured from surgical steel and come in various shapes: straight, half-curved, or curved with 1/4-, 3/8-, 1/2- or 5/8-circle shapes (Figure 16-1). Easily accessible tissues, such as the skin, may be sutured by hand with straight
 
 Figure 16-1.  Various shapes of curved needles.
 
 needles, but curved needles are generally preferred because they are easier to use with instruments. There is limited indication for 1/4-circle needles, except for ophthalmologic surgery. For suturing in confined and deep locations, 5/8-circle needles are useful. In most instances, 3/8- or 1/2-circle needles are preferred because they do not require extensive rotational movement of the hand to penetrate tissue and allow precise wound adaptation. The three basic components of a surgical needle are the suture attachment end (i.e., swaged or eyed), the body, and the point6 (Figure 16-2). In eyed needles, the suture must be threaded through the eye and a double strand of suture pulled through the tissue. Eyed needles are reusable and thus less expensive. However, they can become dull with reuse and this can exacerbate tissue trauma. Swaged needles have the suture attached to their ends. They are easier to handle, and tissue penetration results in less trauma than that caused by eyed needles because only a single strand of suture material is pulled through the tissues. Currently, the hole to introduce the suture material into the back of the needle is prepared with lasers. This process is more precise and has led to downsizing of the needles, which results in decreased trauma during suturing. Needle length should be considered when choosing a sutureneedle combination. The needle should be long enough to allow penetration of both wound margins. Chord length and needle radius become important factors in laparoscopic surgery when the needle needs to be inserted through a laparoscopic cannula.10 The shape of the point and body of the needle (Figure 16-3) are main determinants of its behavior in the patient’s tissue. Taper point needles should be used wherever possible because they are least traumatic to adjacent tissue and minimize inadvertent damage to vessels and nerves. Indications include suturing muscle, subcutaneous tissue, or viscera. Cutting needles provide sharp edges that cut through dense connective tissue thus rendering them suitable for closing skin, tendon, and fascia.11 Both the regular cutting needle and the reverse cutting needle have a triangular cross-sectional area. The regular cutting needle possesses a sharp edge on the inner curvature of the needle point and shaft. This may promote “cut out” of Text continued on p. 188
 
 Trade Name
 
 Catgut, Plain Gut, Chromic Gut, Catgut Chrom
 
 Vicryl
 
 Dexon, Dexon II, Safil
 
 Polysorb
 
 Suture Type
 
 Surgical gut
 
 Polyglactin 910
 
 Polyglycolic acid
 
 Braided lactomer
 
 Copolymer of glycolide and lactide; coating: mixture of a caprolactone/ glycolide copolymer and calcium stearoyl lactylate
 
 Polymer of glycolic acid; Dexon II is coated with polycaprolate
 
 Resorption time: 60-90 days
 
 Resorption time: 56-70 days
 
 Braided multifilament; can be coated
 
 Braided multifilament; coated
 
 Braided multifilament; coated
 
 Evokes a moderate inflammatory reaction in tissue as it is broken down through a combination of enzymatic degradation and phagocytosis; rate of absorption is increased in the presence of infection and in tissues with high levels of proteolytic enzymes Resorption time: 56-70 days
 
 Multifilament
 
 Collagen obtained from bovine intestinal serosa or ovine intestinal submucosa; chromic gut is treated with a chromic salt solution
 
 Copolymer of glycolide and L-lactide; coating: polyglactin and calcium stearate
 
 Absorption
 
 Structure
 
 Composition
 
 TABLE 16-2.  Absorbable Suture Materials
 
 Tensile strength is 140% of minimum knot strength requirements of the European/ United States Pharmacopoeia initially, 80% at day 14 and 30% at day 21; biomechanically superior to polyglactin 910
 
 Tensile strength reduction by 35% at day 14 and by 65% at day 21
 
 Tensile strength reduction by 25% at day 14, 50% at day 21, and by 100% at day 35
 
 Has less tensile strength than most synthetic absorbable sutures
 
 Tensile Strength
 
 High initial tensile strength; good knot security; excellent handling properties
 
 Good size-to-strength ratio; greater initial breaking strength and stiffness than polydioxanone; minimal tissue reaction; excellent handling properties Good handling characteristics
 
 Inexpensive; adhesion promotion can be desirable in some indications; good handling characteristics
 
 Advantages
 
 Very rapid absorption in the oral cavity; tends to drag through tissues; less knot-breaking strength than polyglactin 910
 
 Production and use of catgut was prohibited in the European Union in 2001 as the entire bovine intestine is classified as specific TSE risk material; chromic coating reduces soft tissue reaction and rate of absorption; chromic gut is difficult to handle and has poor knot security when wet May cut through friable tissue (especially if not coated)
 
 Disadvantages
 
 Trade Name
 
 Biosyn
 
 Caprosyn
 
 PDS II
 
 Maxon
 
 Monosyn
 
 Monocryl
 
 Suture Type
 
 Glycomer 631
 
 Polyglytone 6211
 
 Polydioxanone
 
 Polyglyconate
 
 Polyglyconate
 
 Poliglecaprone
 
 Copolymer of glycolide, trimethylene carbonate, caprolactone Copolymer of glycolide and caprolactone
 
 Copolymer of glycolide and trimethylene carbonate
 
 Copolymer of glycolide, caprolactone, trimethylen carbonate, and lactide Polymer of poly-pdioxanone
 
 Combined polymer of glycolide, dioxanone and trimethylene carbonate
 
 Composition
 
 Resorption time: 90-120 days
 
 Resorption time: 60-90 days
 
 Monofilament
 
 Monofilament
 
 Resorption time: 180 days
 
 Monofilament
 
 Resorption complete within 56 days
 
 Monofilament
 
 Resorption time: 180 days
 
 Resorption time: 90-110 days
 
 Monofilament
 
 Monofilament
 
 Absorption
 
 Structure
 
 Tensile strength reduction by 50% at day 7 and 80% at day 14; complete loss of tensile strength within 21 days
 
 Tensile strength reduction by 30% at day 7, 50% at day 14 and 80% at 21 days
 
 Tensile strength reduction by 25% at day 14, 50% at day 28, 75% at day 42
 
 Tensile strength reduction by 25% at day 14, 30% at day 28, 50% at day 42
 
 Tensile strength is 75% of minimum knot strength requirements of the European/ United States Pharmacopoeia at day 14 and 40% at day 21. Loses almost all tensile strength within 21 days
 
 Tensile Strength
 
 Very low tissue drag owing to smooth surface; only minimal memory effect and high pliability; provides high initial tensile strength and rapid absorption; minimal tissue reaction
 
 Absorbable suture material that maintains tensile strength over a prolonged period of time; less memory effect than polyglyconate Slow resorption and loss of tensile strength; three times stronger than polyglactin 910 at day 21 of wound healing; good knot security Very good handling properties and good knot security
 
 Provides short-term tensile strength combined with very rapid absorption
 
 Monofilament suture with only minimal memory and excellent handling properties; minimal tissue reaction
 
 Advantages
 
 Much memory effect, limited pliability and moderate handling properties
 
 Moderate knot security, moderate handling characteristics
 
 Disadvantages
 
 Trade Name
 
 Sofsilk, Silkam
 
 Steelex
 
 Dafilon
 
 Supramid
 
 Suture Type
 
 Silk
 
 Surgical steel
 
 Nylon
 
 Polycaprolactam
 
 Polymerized caprolactam (=polyamide 6)
 
 Polymer of polyamide
 
 Greatest tensile strength of all sutures
 
 Tensile Strength
 
 Intermediate tensile strength; monofilament nylon loses about 30% of its original tensile strength by 2 years because of chemical degradation; multifilament nylon retains no tensile strength after 6 months Multifilament with a Better tensile strength polyamide coating than nylon
 
 Monofilament or multifilament
 
 Monofilament or as a multifilament twisted wire
 
 Braided multifilament; coated or uncoated
 
 Raw silk, spun by silkworm
 
 Alloy of iron
 
 Structure
 
 Composition
 
 TABLE 16-3.  Nonabsorbable Suture Materials
 
 Excellent handling properties, high knot security
 
 Suitable for use in contaminated wounds; degradation products act as antibacterial agents
 
 Greatest knot security of all sutures; no inflammatory reaction
 
 Excellent handling characteristics; useful for ligatures
 
 Advantages
 
 Disadvantages
 
 Intermediate tissue reactivity; has a tendency to form sinuses on implantation in tissues and is therefore best suited for use in the skin
 
 Does not maintain tensile strength more than 6 months; may potentiate infection— should be avoided in contaminated sites; has significant capillarity; incites some inflammatory reaction Tissue movements against the inflexible ends may cause inflammation and necrosis; poor handling properties; cannot withstand repeated bending without breaking; multifilament wire can fragment and migrate, leading to sinus tract formation Poor handling characteristics and poor knot security; not recommended for use within serous or synovial cavities because buried sharp ends may cause frictional irritation
 
 Ultra-high molecular weight polyethylene
 
 FiberWire
 
 Premilene, Prolene, Surgipro
 
 Novafil
 
 Ultra-high molecular weight polyethylene
 
 Polypropylene
 
 Polybutester
 
 Monofilament
 
 Monofilament or multifilament; uncoated or coated with polybutilate or silicone or polyethylene/vinyl acetate Multifilament with a polyethylene/ polyester coating
 
 Structure
 
 Copolymer of butylene Monofilament terephthalate and polytetramethylene ether glycol
 
 Polyolefin plastic
 
 Polyethylene terephtalate
 
 Mersilene, Synthofil, Dagrofil, Ethibond, Ticron
 
 Polyester
 
 Composition
 
 Trade Name
 
 Suture Type
 
 Advantages
 
 Superior strength; greater High abrasion resistance; good knot tensile strength and security; less tissue less elongation under drag than polyester load than polyester sutures sutures Moderate tensile Greatest knot security of strength all synthetic monofilament sutures; least thrombogenic suture material makes it suitable for vascular surgery; minimal tissue reactivity and least likely to potentiate infection; high elasticity Good handling characteristics and knot security; more flexible than polypropylene or nylon; elongates elastically under load or tension when wound edema occurs and returns to its original form when edema subsides; minimal tissue reaction
 
 Very high and sustained tensile strength
 
 Tensile Strength
 
 Slippery handling and tying characteristics
 
 Noncoated polyester fibers have a high coefficient of friction; knot security is poor and is further reduced by coating; causes marked tissue reaction and fibrous encapsulation; should not be used in contaminated wounds
 
 Disadvantages
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 Needle body
 
 Swage Needle diameter
 
 Needle radius
 
 Needle point Needle chord length
 
 Figure 16-2.  Anatomy of a surgical needle.
 
 Figure 16-4.  Deschamps needles, showing the left- and right-handed
 
 A
 
 C
 
 B
 
 D
 
 configuration, respectively. The threaded eye near the pointed tip allows easy retrieval of the suture without the need for complete penetration by the needle. When the suture is grasped at the tip of the needle, the instrument is rotated backward out of the tissue and can be rethreaded for the next bite.
 
 that bends laterally at right angles at its tip and then continues as a semicircle in the same plane. The tip has a needle eye and a pointed but not sharp end. It is designed to place ligatures around vessels in poorly accessible sites and can be used for suturing in deep, confined areas.
 
 SUTURE CONFIGURATIONS Knots and Ligatures E
 
 F
 
 Figure 16-3.  Various points and shaft designs of surgical needles. A, Taperpoint; B, tapercut; C, regular cutting; D, reverse cutting; E, spatula point; F, blunt point.
 
 tissue because it cuts toward the edges of the wound or incision. Reverse cutting needles have the cutting edge located on the convex, outer curvature of the needle. This makes them stronger than similarly sized conventional cutting needles and reduces the risk of tissue cut out.6 A tapercut needle combines the reverse cutting point that readily penetrates through tissue with a round shaft that does not cut through or enlarge the needle hole when passed.11 These needles can be used to suture a delicate tissue to a denser one (e.g., suturing epithelium/ mucosa to the skin as in urethrostomy, colostomy, or tracheostomy) or for dense but delicate tissues (e.g., periosteum). Spatula needles are flat on the top and bottom and have a side cutting action. They are indicated for certain procedures in ophthalmologic surgery.12 Blunt-point needles have a rounded, blunt point that can penetrate friable tissue without cutting. They can be used to suture soft, parenchymal organs, such as the liver or kidney.6 The Deschamps needle (Figure 16-4) is a long thin instrument with a palm-held handle and a thin needle-like extension
 
 Knot tying is an essential part of almost any surgical procedure. However, even a perfectly tied knot is the weakest part of a suture.6,13 Therefore, it is of tremendous importance to perform knot tying correctly to prevent unnecessary weakening of this critical part of the suture, which could potentially leading to subsequent dehiscence. Knot Tying Techniques A knot is constructed by laying at least two throws on top of each other and tightening them. If the direction of the throws is reversed, a square knot results (proper); otherwise a granny knot is obtained (improper). During knot tying, opposing suture ends should be pulled perpendicular to the long axis of the incision except if sutures are placed deep in the tissues. In the latter situation, the suture ends are pulled parallel to the direction of the suture line and in doing so the tissues positioned above the knot are not pulled apart. Reversal of throw direction combined with pulling mainly on one end of the suture results in a halfhitch; if tension applied by the pulling hand is directed away from the incision by lifting this hand, a sliding half-hitch is formed (Figure 16-5). Granny and half-hitch knots are prone to slip.13 However, this feature can be beneficial if the knot needs to be slid into a deep and confined space. Generally, a superimposition of square knots is considered the most reliable knot configuration.6 When the first throw of a square knot does not hold the wound margins in apposition,
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 Surgeon's
 
 Square
 
 Granny
 
 Simple
 
 Half-hitch
 
 Figure 16-5.  Surgical knots.
 
 a surgeon’s knot may be tied. However, the surgeon’s knot should be avoided when not needed because it places more suture material into the wound and can decrease structural stiffness of a knot with some suture materials.14 Clamping the first throw of a square knot to maintain tissue apposition after the first throw does not negatively affect mechanical properties of common multifilament suture materials; however, clamping can reduce breaking strength of monofilament sutures by 10%.13,14 A square knot but not a surgeon’s knot should be used to ligate vessels.6 Knots can be tied using instruments or by hand. In veterinary surgery, instrument ties are more commonly used because there is less waste of suture material. If a square knot is formed at the end of a continuous suture line and a needle holder is used to tie the knot, it is important to grasp exactly at the center of the looped end to avoid asymmetric loads placed on either end of the loop. By applying tension to the suture loop with an open needle holder, the tension along the loop equalizes on its own. Hand ties are particularly useful in confined areas, when sutures have been pre-placed or to precisely adjust tension on the suture. Hand ties require that the suture ends be left longer than for an instrument tie. A onehanded or two-handed technique can be applied. The knots of subcutaneous and intradermal suture patterns should be buried to reduce irritation caused by knots rubbing against more superficial tissue and to prevent suture extrusion. Knot Efficiency Loop security and knot security are ways of measuring a knot’s effectiveness.8 Loop security is the capability to maintain a tight suture loop as a knot is tied. Inadequate loop security results in loss of tissue apposition during knot tying.15 Knot security is defined as the effectiveness of the knot at resisting slippage when load is applied. Knot security depends on the structural configuration of the knot and the type of suture material.16 The characteristics of a suture material mainly affecting knot security are memory and coefficient of friction. Remember that body fluids come in contact with the suture material during surgery, which affects frictional behavior and thus the knot security of a suture.17 In addition to suture material and knot configuration, the number of throws and suture end length also influence knot security. A suture end length of at least 3 mm is recommended
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 to optimize knot integrity.18,19 The minimal number of throws needed (including the first) for a secure square knot using No. 2-0 USP suture materials is three for polyglycolic acid, polyglactin 910, and polypropylene and four for nylon and polydioxanone.20,21 For larger-diameter suture materials, sufficient knot security is achieved with five throws. This was demonstrated for polyglactin 910 No. 2 USP, polyglactin 910 No. 3 USP, and polydioxanone No. 2 USP.13 Knots at the end of a continuous suture line are constructed using one looped and one free end. These knots require two or three more throws to ensure knot security than do knots constructed from two single suture strands.22 The Aberdeen knot represents a special configuration to end a continuous suture line and is recommended in human surgery when monofilament suture material is used (the configuration of the knot can be studied in the cited publication).23 A recent in vitro study demonstrated superior relative knot security and reduced knot volume of Aberdeen knots compared to square knots to end a continuous suture pattern of polydioxanone.21 Another factor to consider is the wound environment. A fatty wound environment can increase the number of throws needed to achieve a secure knot. This was confirmed by the finding that fat-coated No. 2-0 USP polydioxanone requires one additional throw to form a secure square knot at the beginning of a continuous pattern compared to plasma-coated No. 2-0 USP polydioxanone.21 Asymmetric knots like sliding half-hitch or asymmetric granny knots usually need two additional throws to achieve knot security. This was demonstrated in one study for polyglactin 910.24 However, the superior knot security of braided lactomer (Polysorb) provided sufficient knot security even without additional throws.24 In the clinical situation, the number of throws should be adequate to ensure knot security but not excessive to limit the amount of bulky foreign material in the tissues. Finally, the suture diameter is also a determinant of knot security. Knot security decreases with increasing suture diameter.13,16 Loop Sutures As an alternative to knots, the use of a loop suture to apply a simple continuous pattern has also been described in equine surgery.25 The use of loop sutures reduces the number of knots and the double suture strand provides a larger surface area as the suture passes through the tissue; however, they result in an increased total amount of suture material remaining in the wound and the placement of a bulky four-stranded knot at the end of the suture line. In an in vitro experiment, USP No. 2 braided lactomer loop sutures applied in a simple-continuous fashion provided sufficient security for closure of the equine linea alba based on single-cycle to failure testing, with fascial failure being the main failure mode and without occurrence of suture or knot failure.25 Knot-Tying Techniques for Minimally Invasive Surgery Minimally invasive surgical techniques require modifications in knot-tying techniques. In equine surgery, laparoscopy is increasing in importance, and extracorporeal knotting requires safe and efficient sliding-knot techniques. The first reliable sliding knot described for human laparoscopy was the Roeder knot.26 Knot security was further improved by Sharp et al.27 by
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 developing the 4S-modified Roeder knot (Figure 16-6). In vitro studies revealed that the 4S-modified Roeder knot outperformed several other slipknot ligatures in terms of knot security.28,29 Monofilament suture materials are suitable for laparoscopic surgery because they perform well for knot rundown, have low tissue drag, and, unlike multifilament sutures, do not loose loop characteristics when wet. With regard to suture material and size used for the 4S-modified Roeder knot, polydioxanone and polyglyconate are biomechanically superior to polyglactin 910 and polyglycolic acid and sizes USP No. 1 or 2 are superior to smaller suture sizes.28,29 Suture Tension Suture tension can be classified as intrinsic or extrinsic. Intrinsic tension refers to the tension on the tissue constricted within the suture loop. Excessive intrinsic tension can cause ischemic
 
 A
 
 B
 
 C
 
 D
 
 necrosis. Extrinsic tension represents the pulling tension from outside the suture loop. It depends on wound size, location, relationship to skin lines, and the amount of surrounding loose tissue.30
 
 Suture Patterns Suture patterns can be classified as interrupted or continuous. Interrupted suture patterns have the following advantages over continuous patterns: increased security because failure of one suture does not jeopardize the entire suture line, precise reconstruction of irregular wound margins, precise control of tension at each point of the wound margin, less interference with blood supply of the wound margins, and no purse-string–like effect when tightening the suture applied in hollow viscera. Additionally, a part of the suture line can be re-opened in the postoperative period if drainage should be necessary. On the other hand, the advantages of continuous patterns include: a smaller volume of suture material (in the form of knots) in the tissues, decreased surgery time, more even distribution of tension, better holding power against stress, and a tighter seal of skin and hollow viscera. Suture patterns can be further characterized by the way they appose tissue: appositional sutures bring the tissue in direct approximation of the two cutting surfaces, everting sutures turn the tissue edges outward, and inverting sutures turn tissue inward. Appositional sutures are useful for anatomically precise closure. Inverting suture patterns are indicated to close hollow viscera or, in the form of the Lembert pattern, for fascial imbrication. Everting sutures eliminate dead space and counteract the tendency of wound edges to invert during healing. Most tension sutures have everting characteristics. Tension sutures redistribute the tension across the wound edges, thus drawing the wound edges together and minimizing marginal strangulation and necrosis. The capability of a suture pattern to withstand tensile forces is related to the number of segments that are parallel to the line of tension.31 In horses, tension sutures are frequently used to close traumatic lacerations and surgical wounds over bone plates. Tension sutures are pre-placed well away from the wound margins, the skin edges can be apposed with the aid of towel clamps followed by tying of the tension sutures. Finally, the wound is closed with an appositional suture pattern.9 Gauze, rubber tubing, or buttons can be incorporated into the tension sutures to reduce the risk of cutting out of sutures. This technique is termed “quilled” or “stented” suture. To approximate severed ends of a tendon or to secure one end of a tendon to bone or muscle, special tension suture configurations are indicated. Tables 16-4 through 16-6 summarize the most common suture patterns. These patterns are illustrated in Figures 16-7 through 16-9.
 
 Sutures for Specific Tissues E Figure 16-6.  The 4S-modified Roeder knot is tied by: A, starting the knot with a single throw; B, wrapping the tail of the suture three times around both strands of the loop entering the abdomen; C, completing the knot with a half hitch knot around the standing part of the suture; D, completed knot is tightened by alternately pulling on the standing part and strand of the abdominal loop that exits from the cannula;  E, the tightened knot is then slid into the abdominal cavity using a knot pusher.
 
 Skin Monofilament suture materials are indicated for skin closure to reduce capillary transport of bacteria into deeper tissues. Nonabsorbable materials like nylon, polypropylene, and polybutester are preferred for skin sutures. Polybutester combines good handling characteristics with adequate elasticity to adapt to wound edema. A simple interrupted pattern is commonly used. Slight eversion is desirable to counteract the tendency of the
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 TABLE 16-4.  Appositional and Everting Suture Patterns Suture Pattern
 
 Tissue Apposition
 
 Characteristics
 
 Simple interrupted (SI) (Figure 16-7, A)
 
 Appositional; excessive tension may cause inversion Appositional
 
 Easy and quick to place; precise anatomic closure and tension adjustment possible; knot should be offset so it does not rest on the incision Upside down SI suture placed in dermis/subcutis
 
 Gambee (Figure 16-7, D)
 
 Appositional; excessive tension causes inversion Appositional
 
 Interrupted vertical mattress (IVM) (Figure 16-7, E)
 
 Appositional to slightly everting
 
 Allgöwer corium vertical mattress (Figure 16-7, F)
 
 Appositional
 
 Interrupted horizontal mattress (Figure 16-7, G)
 
 Everting
 
 Simple continuous (SC) (Figure 16-7, H)
 
 Appositional
 
 Continuous intradermal (Figure 16-7, I)
 
 Appositional
 
 Ford interlocking (Figure 16-7, J)
 
 Appositional
 
 Stronger closure than SI; resists tension and prevents eversion; gains more space per suture than SI pattern Reduces mucosal eversion compared to SI pattern; may reduce wicking of bowel contents from the intestinal lumen to the exterior Precise apposition of wound edges; minimal interference with vascular supply; can be used for concurrent closure of skin and subcutis; places more suture material into the wound than SI Minimally traumatic suture pattern that provides good skin apposition and excellent cosmetic outcome; less holding strength than IVM Degree of eversion depends on suture tension and distance to the wound margin; more everting than IVM; can also be applied in a continuous pattern Provides maximal tissue apposition; time and material saving; provides a relatively airtight and fluidtight closure; if used for skin closure: excessive tension can cause strangulation of the skin; anatomically less precise adaptation than SI pattern Bites are placed intradermally and parallel to the long axis of the incision; knots must be buried; superior cosmetic outcome; no need for suture removal; provides less strength than percutaneous skin closure Synonym: Reverdin pattern; provides precise adaptation and offers greater security in the event of a partial failure; may be difficult to remove; may cause pressure necrosis and become buried when placed under tension
 
 Interrupted intradermal/ subcuticular (Figure 16-7, B) Cruciate (Figure 16-7, C)
 
 skin edges to invert during healing, and it results in the most cosmetic outcome. As mentioned earlier, wounds of traumatic origin or skin closure over implants may require the application of tension sutures. To close a surgical incision, the needle enters the skin approximately 3 to 5 mm lateral to the incision line. Collagenase activity remains high within 5 mm of a skin incision, and sutures placed too close to the incision may be at greater risk of cutting through tissue.9 Wounds of traumatic origin may manifest with traumatized or inflamed tissue margins that may require partial resection of the skin edges and larger needle bites. Suture spacing depends on skin thickness and the direction and magnitude of tension lines. Wounds along tension lines are pulled into better apposition and require fewer sutures than those oriented perpendicular to a tension line.30 Placing interrupted sutures too closely together can result in excessive tissue reaction and unwarranted interference with cutaneous blood supply. Generally, it is recommended to place interrupted sutures 5 mm apart.9 As an alternative to percutaneous skin sutures, a continuous intradermal suture pattern using absorbable synthetic materials can be applied. Advantages of an intradermal suture are no need for suture removal, lack of skin irritation, lack of suture track infection, and excellent cosmetic outcome. Disadvantages
 
 include increased time for placement and less security than percutaneous skin patterns.30 Subcutis Subcutaneous sutures are placed to eliminate dead space and decrease tension across the wound margin before placement of skin sutures. If drainage might become necessary, they can be placed in a simple interrupted pattern, otherwise a simple continuous pattern with the bites made perpendicular to the long axis of the incision is generally used.6 Intermittent incorporation of the underlying soft tissue can reduce dead space. Synthetic absorbable suture materials are usually used. Fascia Fascia is considered a slowly healing tissue. Therefore, nonabsorbable or slowly absorbable synthetic suture materials are indicated for its closure.32 Concerning the equine linea alba, an experimental study on tissue strength after ventral midline celiotomy and closure of the linea alba using braided lactomer USP No. 2 in an interrupted cruciate pattern found a return to baseline tensile
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 B
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 D(a)
 
 E
 
 D(b)
 
 F
 
 Figure 16-7.  Appositional and everting suture patterns: A, Simple interrupted; B, interrupted intradermal/subcuticular; C, cruciate; D, Gambee; this pattern can be used as an appositional suture pattern for skin (a) or intestine (b); E, interrupted vertical mattress; F, Allgöwer corium vertical mattress.
 
 strength values at 8 weeks postoperatively.33 Furthermore, suture sinus formation has been reported following the use of polypropylene sutures for closure of the equine linea alba.34 For this reason, synthetic absorbable suture materials like braided lactomer,25,35 polyglactin 910, or polydioxanone are recommended. Suture size for closure of the linea alba in adult horses ranges from USP No. 2 to USP No. 7.25,35 A simple continuous pattern
 
 sustains higher loads to failure than interrupted patterns.36 Tissue bite size should be 15 mm37 and the interval between the suture bites should be 15 mm as well.25 This results in a ratio of suture length to wound length of 4:1 or more. This ratio is considered optimal for providing sufficient reserve suture material to accommodate incisional lengthening during episodes of abdominal distention.25
 
 
 
 CHAPTER 16  Suture Materials and Patterns 
 
 G
 
 193
 
 H
 
 I
 
 J(a)
 
 J(b)
 
 Figure 16-7, cont'd.  G, Interrupted horizontal mattress; H, simple continuous; I, continuous intradermal; J, Ford interlocking (a); to terminate this pattern, the needle is introduced in the opposite direction from that used previously, and the end is held on that side; the loop of the suture formed on the opposite side is tied to the single end (b).
 
 TABLE 16-5.  Inverting Suture Patterns Suture Pattern
 
 Characteristics
 
 Cushing (CU) (Figure 16-8, A)
 
 Penetrates the submucosa but not the lumen of hollow viscera; results in a watertight seal, adequate inversion but less luminal reduction than the LE pattern Similar to CU pattern but penetrates all layers of the bowel; subject to wicking of visceral contents Penetrates the submucosa but not the lumen of hollow viscera; results in considerable inversion; can also be used for imbrication procedures; can be used as interrupted or continuous pattern Indicated to close hollow visceral stumps: a combination of a CU suture sewn over a clamp and pulled tight as the clamp is removed, oversewn by a continuous LE pattern Can be used to close the preputial cavity or anus temporarily; if used to close visceral stumps, the stump must be held inverted as the suture is tightened
 
 Connell (Figure 16-8, B) Lembert (LE) (Figure 16-8, C) Parker-Kerr (Figure 16-8, D) Pursestring (Figure 16-8, E)
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 A
 
 C(a)
 
 B
 
 C(b)
 
 E
 
 D Figure 16-8.  Inverting suture patterns: A, Cushing; B, Connell; C, Lembert; this pattern can be applied as an interrupted (a) or continuous pattern (b); D, Parker-Kerr; E, pursestring.
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 TABLE 16-6.  Tension Suture Patterns Suture Pattern
 
 Characteristics
 
 Interrupted vertical mattress (IVM) (Figure 16-9, A)
 
 Appositional to everting; stronger under tension and less interference with vascular supply than IHM; stents of soft rubber tubing can be placed under the suture to prevent suture cut-through and impairment of skin circulation Degree of eversion depends on suture tension and distance to the wound margin; more everting than IVM; distributes tension over a wider area but is weaker under tension than IVM; higher potential for tissue strangulation and interference with blood supply than IVM; can also be applied in a continuous pattern Variation of IVM or IHM that loops over a stent/button/plastic tube on either side of the wound to reduce suture cut-through Can be applied as near-far-far-near or far-near-near-far pattern; provides tension relief (far component) and apposition (near component); high resistance to tension because all suture passes are in the same vertical plane; places more suture material in the wound than other patterns do A buried tension suture that moves skin progressively toward the center of a wound; can be placed in rows no closer than 2-3 cm apart; walking sutures evenly distribute tension and obliterate dead space; can potentially damage cutaneous blood supply; large number of walking sutures can increase tissue reaction and foreign body response Strong tension suture for tendon repair; maintains gliding function of the tendon owing to limited amount of suture material on the tissue surface; two locking loop sutures can be combined to form a double locking loop Very strong tension suture for tendon repair with increased resistance to gap formation; may compromise gliding function because of a large quantity of suture material on the tendon surface
 
 Interrupted horizontal mattress (IHM) (Figure 16-9, B) Quilled/stented (Figure 16-9, C) Near and far (Figure 16-9, D)
 
 Walking suture (Figure 16-9, E)
 
 Locking loop or modified Kessler (Figure 16-9, F) Three-loop pulley (Figure 16-9, G)
 
 Infected or Contaminated Wounds Sutures should be avoided in highly contaminated or infected wounds because even the least reactive suture can exacerbate infection. Multifilament nonabsorbable sutures should not be used in infected tissue because they potentiate infection and may lead to fistulation.6 If a suture is required in a contaminated or infected wound, absorbable and ideally monofilament suture material is indicated. If implantation of a nonabsorbable suture is unavoidable, monofilament nylon and polypropylene are least likely to elicit infection in contaminated tissues. Muscle Muscle is difficult to suture because it has poor holding power. Sutures placed parallel to the muscle fibers are prone to pull out; therefore, sutures should be placed perpendicular to muscle bundles when possible. Whenever achievable, the fascial layer should be incorporated to improve holding capacity. Synthetic absorbable or nonabsorbable sutures may be used to suture muscle layers. Gastrointestinal Tract Gastrointestinal incisions demonstrate rapid postoperative healing. Physical strength is dependent on suture or staple strength during the lag phase (i.e., the first 4 days postoperatively) of wound healing. During the proliferation phase (3 to 14 days postoperatively), wound strength increases rapidly and the maturation phase has little clinical relevance.38 Absorbable synthetic sutures are indicated for gastrointestinal sutures. Prolonged retention of tensile strength is not necessary. Low tissue reactivity is desirable to prevent further luminal reduction and
 
 adhesion formation. Polyglycolic acid, polyglactin 910, and polydioxanone can be used. The monofilament suture material glycomer 631 has the advantage of combining reduced capillarity and tissue drag with an appropriate resorption profile. Although the use of a simple interrupted or the Gambee pattern has been described for equine intestinal anastomoses,39,40 a Lembert pattern or a simple continuous pattern oversewn with a Cushing pattern are more commonly used.41,42 Urinary Tract Compared with healing of the gastrointestinal tract, the urinary bladder has a more rapid healing rate and gain in tensile strength.43 Sutured cystotomy wounds need to withstand voiding pressures of 90 cm H2O.44 Suture materials used in cystotomy closure should provide adequate strength during the lag phase of wound healing, followed by rapid absorption to avoid lithogenesis in case of mucosal penetration. In addition, low tissue reactivity is needed to further reduce the risk of calculus formation.45 Exposure to alkaline urine—as found in herbivores—results in accelerated hydrolysis of absorbable suture materials.46,47 Urinary tract infections with pathogens like Proteus mirabilis can further accelerate loss of tensile strength if suture materials are exposed to urine.47 Nonabsorbable sutures and metallic staples may be calculogenic and should be avoided.48 Absorbable synthetic sutures are recommended, and monofilament sutures have the additional benefit of reduced capillarity and tissue drag. The use of quickly absorbable suture materials like poliglecaprone has not been evaluated in horses but seems a possible choice, given the rapid healing capacity of the urinary bladder. The suture pattern should be continuous to provide a tight seal and should be inverting. Penetration of the transitional epithelium should
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 G(b)
 
 Figure 16-9.  Tension suture patterns: A, Interrupted vertical mattress pattern used as a tension suture; B, interrupted horizontal mattress pattern placed as a tension suture with stents to reduce focal pressure on the skin, followed by a simple interrupted suture pattern to achieve wound closure; C, quilled/stented; D, far-near-near-far; E, walking suture; F, locking loop (a) and double locking loop (b); for the locking loop patterns, bites perpendicular to the tendon fibers are superficial relative to bites that are aligned parallel to the fibers; G, 3-loop pulley pattern (a) with a cross-sectional view (b) of this pattern demonstrating that each loop is oriented 120° relative to the others.
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 be avoided. For urinary tract procedures that result in exposure of the suture material to urine, polyglyconate or polydioxanone are recommended to avoid premature loss of tensile strength.16,46
 
 following exploratory celiotomy.62 However, the serious complications experienced with SSI in horses would make these materials attractive for further evaluation.
 
 Tendon
 
 SUTURE ANCHORS
 
 The most common suture patterns for tendon repair are the locking loop and the three-loop pulley suture (see Figure 16-9). The three-loop pulley suture pattern is more resistant to gap formation under tensile loading.49 Appropriate suture materials include strong, nonabsorbable sutures or slowly absorbable materials with high tensile strength retention, like polydioxanone or polyglyconate. However, none of these sutures can maintain flexor tendon apposition under normal loading conditions in an adult horse50 and additional external coaptation is required if tenorrhaphy is attempted. Application of bioresorbable tendon plates has resulted in superior immediate failure strength compared to 3-loop pulley sutures but has only been evaluated biomechanically in a cadaveric study.51
 
 Suture anchors serve to attach soft tissues to bone or to fix a suture as a prosthetic implant. These devices are commercially available in a variety of configurations. Typically, they have a metal end configured as either a screw or a toggle bar and an “eye” for suture attachment (Figure 16-10).63 Suture anchors have been used in equine patients for surgical repair of collateral ligament instability of the carpal and metacarpophalangeal joint in two foals64 and for a prosthetic capsule technique in a pony with coxofemoral luxation.65
 
 Blood Vessels Vessels should be ligated with absorbable suture material. Vascular repair or anastomosis is performed with monofilament nonabsorbable suture material. Polypropylene is the material of choice because it is the least thrombogenic suture.6
 
 SURGICAL STAPLERS Surgical stapling devices are commonly used in equine surgery, especially for intestinal resections, anastomoses, ligation of blood vessels, and skin closure. Potential benefits of stapling include reduced surgery time, less tissue trauma, less intraoperative contamination, preservation of blood supply, and utility in areas of difficult accessibility.3,66
 
 Stapling Devices Thoracoabdominal Stapler
 
 Nerves Nonabsorbable sutures with low tissue reactivity, like polypropylene or nylon, are recommended for nerve repair.32 Implant Prostheses Strong nonabsorbable suture materials can be implanted to serve as a permanent prosthesis (e.g., for laryngoplasty, tieforward or joint stabilization). Polyester sutures can be used for these purposes. However, the newer ultra-high molecular weight polyethylene sutures are stronger,52 have less tissue drag, and provide better knot security.53
 
 Thoracoabdominal (TA) staplers (Figure 16-11) are loaded with a cartridge (also called single-use loading unit) and fire one double-staggered row of B-shaped staples to seal tissues and vessels with preservation of microcirculation. Titanium staples are commonly used but absorbable lactomer staples are available as well. Cartridge sizes for reusable stainless steel TA stapler devices are 30, 55, or 90 mm in length. Cartridges for disposable re-loadable staplers are available in 30, 45, 60, and 90 mm lengths.66 Staple cartridges are color coded to indicate staple
 
 ANTIMICROBIAL-COATED SUTURE MATERIAL Surgical site infections (SSIs) remain an important problem in the surgical community. There is some evidence that the suture knot may play a role as a repository for bacterial colonization and replication that can ultimately result in an SSI (see Chapter 7).54 To achieve active inhibition of bacteria at the surgical site, antimicrobial-coated suture materials were developed. The agent most commonly used for this purpose is triclosan, chemical name 5-chloro-2-(2.4-dichlorophenoxy)-phenol.55 Triclosan has antiseptic properties and good biocompatibility.56 Experimental studies confirmed the inhibitory effects of triclosancoated polyglactin 910,57 polydioxanone,58 and poliglecaprone59 suture material on bacterial colonization. Most clinical studies in human medicine report reduced wound infection rates with the use of triclosan-coated suture materials,54,60 although these results were questioned in one study.61 Up to now, there is only one study published on clinical application of triclosan-coated suture material in the horse. This study could not find a beneficial effect on incisional complication rates when triclosancoated suture material was used for subcutaneous closure
 
 Figure 16-10.  Example of a suture anchor: a self-tapping 3.5 mm diameter cortex screw with an eyed head.
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 Figure 16-11.  A, TA-90 Premium stapler with a disposable cartridge, schematic labeled view; B, the TA-90 Premium 4.8 loading stapler fires 33 staples arranged in a double-staggered row 91.5 mm long, schematic labeled view. The staples of the green cartridge have a crown width of 4 mm, a leg length of 4.8 mm, and a closed height of 2 mm.
 
 Safety
 
 A 4 mm
 
 2 mm 4.8 mm
 
 B size. Green cartridges contain staples that have a leg length of 4.8 mm, crown width of 4.0 mm, and closed height of 2.0 mm. The staples in the blue cartridge have a leg length of 3.5 mm, a crown width of 4.0 mm, and closed height of 1.5 mm (see Figure 16-11). TA staplers have a U-shaped opening through which the tissues are inserted. Tissues are secured within the device by a retaining pin. Activating the approximating lever closes the cartridge. After releasing the safety device, squeezing of the handle forces the staples out of the cartridge against the anvil. After firing, the instrument head can be used as a guide for tissue transection. The TA stapler is released by retracting the release lever and loosening the approximating lever. In equine surgery, the 4.8-mm staples are commonly used because of the longer staple leg. The TA-90 is useful for colon resection,67 jejunocecostomy,68 jejunocolostomy,69 ovariohysterectomy,70 partial lung lobe resection,71 rectal tear repair in postparturient mares,72 and partial splenectomy.73 It can also be beneficial to achieve hemostasis in areas that are difficult to access, such as bleeding from the testicular or ovarian artery after neutering.74 Gastrointestinal Staplers Gastrointestinal anastomosis (GIA) and intestinal linear anastomosis (ILA) staplers are linear stapling instruments with two interlocking halves (Figure 16-12). Like the TA staplers, they are loaded with cartridges (single-use loading units). Cartridge sizes for reusable stainless steel GIA instruments are 50 or 90  mm in length.66 Disposable reloadable GIA staplers are available in 60, 80, and 100  mm lengths. The reusable ILA stainless steel stapler is available in 52 and 100  mm lengths.66
 
 Gastrointestinal staplers apply four staggered rows of staples; cartridges contain cutting blades that divide tissues between the second and third row of staples. The instrument separates into two halves so that each fork of the instrument can be placed into a bowel lumen or on either side of a hollow viscus (Figure 16-13). After closure, the push bar handle of the device is slid forward to fire the staples and the blade. The incision cut by the knife blade is 8 mm short of the last staple at the distal end.66 Staples are made of stainless steel or titanium and, as with TA staplers, are B-shaped when closed. The B configuration of the closed staple permits blood flow through the tissue enclosed by the staple.3 Color coding of cartridge size is the same as for TA staplers. Staples in green cartridges have a 4.8 mm leg length that compresses to a final height of 2.0 mm, whereas staples in blue cartridges have a 3.8 mm leg length that compresses to a final height of 1.5 mm. Staples in both cartridges are 4.0 mm wide. Reusable GIA instruments are only available with 3.8 mm staples.66 When used for side-to-side or functional end-to-end anastomosis, the result is a stoma with two rows of staples on either side. The instrument insertion site remains open and must be closed by suturing or by applying of a TA stapler. When used for viscus resection, two rows of staples provide an everted seal along the cut margin of the healthy organ; the resected portion of the viscus is also sealed with two rows of staples, reducing intraoperative contamination.66 Common indications for use of GIA or ILA staplers in equine surgery include jejunojejunostomy,75 jejunocecostomy,68 and jejunocolostomy.69 Endoscopic versions of gastrointestinal staplers are also avai lable in variable sizes and have been used for laparoscopic
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 Figure 16-12.  A, GIA-90 Premium stapler with disposable cartridge, schematic labeled view; B, The GIA stapler fires two double, staggered rows of staples. Staples of the blue cartridge for reusable GIA instruments have a crown width of 4 mm, a leg length of 3.8 mm, and a closed height of 1.5 mm. The instrument’s knife blade cuts between the two sets of staple lines, ending approximately 5 mm short of the last staple in the distal end.
 
 Figure 16-13.  Each fork of the GIA instrument is placed into the bowel lumen; after closure, the push bar handle of the device is slid forward to fire the staples and the blade.
 
 ovariectomy76 and laparoscopic small intestinal biopsy in horses77 as well as for laparoscopic sterilization of male donkeys.78 Ligating Dividing Stapler The ligating dividing stapler (LDS) is a pistol-shaped instrument that places two vascular staples simultaneously while a cutting blade divides the blood vessel–containing tissue between them (Figure 16-14). In the horse, this instrument is mainly used for rapid ligation of mesenteric vessels during colic surgery. Metal staples are commonly used with this device and are made of surgical steel or titanium. The U-shaped staples come in two sizes: regular, which is 5.8 mm wide × 5.2 mm tall, with a final closure width of 5.3 mm and a distance between staples of 6.35 mm; and wide, which is 8.0 mm wide × 7.2 mm tall, with a final closure width of 7.3 mm and a distance between staples of 9.53 mm. The closed staple forms a thin crescent shape with the ends of the staples meeting at the center of its outer rim. Vessels that need double ligation require placement of a ligature or a single vascular clip before LDS application. The LDS should not be used on tissues that cannot be compressed to 0.75 mm.66 In an experimental study in horses evaluating jejunal artery occlusion, mean arterial bursting pressure achieved with the LDS was significantly lower than after LigaSure application or 2-0 PDS
 
 Figure 16-14.  The ligating dividing stapler is a pistol-shaped instrument that places two vascular staples simultaneously while a cutting blade divides the blood vessel–containing tissue between them. The closed staple forms a thin crescent shape with the ends of the staples meeting at the center of its outer rim.
 
 ligation but still far above systolic pressure values.79 However, in the clinical patient, hemorrhagic strangulating obstruction is commonly associated with congested vessels and hemorrhagic changes of the associated mesentery. The subsequent increase in tissue thickness makes application of the LDS less reliable, and an additional suture ligation may be required.
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 Ligating Clips Ligating clips can be useful to achieve hemostasis. Metal clips are commonly used but synthetic absorbable clips are available as well. The advantages of ligating clips include ease of application in poorly accessible areas, structural stability, and reduction of surgery time. To provide safe hemostasis, the diameter of the vessel should be one third to two thirds the size of the clip, the vessel should be dissected free of surrounding tissue before the clip is applied, and 2 to 3 mm of vessel should extend beyond the clip to prevent slippage.6 Manufacturer recommendations should be reviewed regarding clip size selection for specific vessel diameters. Potential disadvantages of ligating clips include the relative instability of the clip in the applicator, insecurity of an inadequately applied clip, potential slippage, and permanence of metallic clips in the tissue.3 Caution should be used when manipulating tissues after placement of vascular clips because they are more easily dislodged than suture ligations.66 Skin Staples Surgical skin staples are fabricated from surgical stainless steel. Before application, the skin staple is U-shaped. During application, the cross member is bent over an anvil, crimping it at two sites and bringing the legs together. This results in a rectangular shape of the closed staple, which is narrower than the original staple.66 Staple removal is performed by a staple extractor, which compresses the cross member of the staple and straightens the legs, permitting easy extraction (Figure 16-15). Skin staples are suitable for rapid closure of surgical incisions that are not subjected to appreciable tensile forces. They provide excellent wound edge eversion without strangulation of tissue80 and incite only minimal tissue reaction.30 They are commonly used in equine surgery with excellent functional and cosmetic results. However, an experimental study in pigs demonstrated some inflammatory responses after skin staple application.81 A recent
 
 A
 
 meta-analysis found a significantly higher risk of developing a wound infection after orthopedic surgery in humans when the surgical wound was closed with staples rather than sutures.82 Similarly, a large case series of horses undergoing exploratory celiotomy identified the use of staples for skin closure as a significant risk factor for development of an SSI.83 A novel form of skin closure that uses absorbable lactomer subcuticular staples is available. They are inserted into the subcuticular tissue with the help of a staple applicator and forceps. Subcuticular staples produced less inflammatory response and a superior cosmetic outcome than metal skin staples in human surgery84 and in a porcine experimental model.81 Application of absorbable subcuticular staples in equine surgery has not been described yet.
 
 TOPICAL TISSUE ADHESIVES 2-Octylcyanoacrylate Tissue adhesives based on 2-octylcyanoacrylate are available as a dermal suture replacement. Their advantages include faster closure, reduced cost, ease of application, and no need for suture removal. In human medicine, they are considered equivalent to other methods of skin closure in terms of cosmetic outcome, infection rate, and dehiscence rate.80 Tissue adhesives should not be applied to tissues within wounds; instead, they should be applied to intact skin at the wound edges to hold the injured surfaces together. Adhesives are particularly useful in superficial wounds or wounds in which the deep dermal layers have been closed with sutures. Furthermore, 2-octylcyanoacrylate can be used to attach intravenous or nasolacrimal catheters, skin grafts, or wound dressings.63 Currently, the use of topical tissue adhesives in the equine patient is limited because they should not be used for wounds in mucous membranes, contaminated wounds, large or deep wounds, and wounds under tension.80
 
 B
 
 Figure 16-15.  A, Skin staplers are applied with the help of a forceps to achieve slight eversion of the skin. B, Staple removal is performed by a staple extractor, which compresses the cross member of the staple and straightens the legs, permitting easy extraction.
 
 
 
 CHAPTER 16  Suture Materials and Patterns 
 
 Fibrin Glues Fibrin glues are mainly composed of concentrated fibrinogen, thrombin, and calcium chloride, thus duplicating the final stage of the coagulation cascade. Fibrin acts as a hemostatic barrier, adheres to surrounding tissue, and serves as a scaffold for migrating fibroblasts.85 Fibrin glues are used as a tissue adhesive for a variety of surgical procedures in human and small animal medicine (e.g., control of hemorrhage from parenchymal tissues, as a supplementary sealant in intestinal, parotid duct or vascular anastomoses, as a carrier or adhesive agent in bone regeneration–enhancing procedures, and for augmentation of skin closure).86-89 Fibrin glues can also be applied in minimally invasive surgery. An experimental study in pigs demonstrated superior results achieved with the application of fibrin glue for laparoscopic closure of a ureterotomy compared to laparoscopic suturing or laser welding.90 The main advantages of fibrin glues are tissue compatibility, biodegradability, and efficacy when applied to wet surfaces.86 Few studies have evaluated the application of fibrin glues in equine surgery. One study showed no difference in graft acceptance between split-thickness skin grafts applied with cyanoacrylate alone or with a combination of cyanoacrylate and fibrin glue.91 Another group used fibrin glue to fix a periosteal autograft over an osteochondral defect.92 Use of fibrin glue as a carrier matrix for mesenchymal stem cells or bone marrow mononucleated cells for treatment of tendinitis represents a more promising application in the equine patient.93 Further potential applications include laparoscopic and endoscopic procedures and its use as a sealant in wound closure in combination with other techniques.
 
 Tapes: Steri-Strips Modern cutaneous tapes play an important role in wound closure in human surgery. Closure with microporous tape produces more resistance to infection than other closure techniques.80 Tapes maintain the integrity of the epidermis and thus result in less tension to the wound. They are indicated for linear wounds in areas with little tension. Tapes do not adhere to mobile areas under tension or to moist areas. These tapes can also be used over sutures to provide a partially closed environment and improve cosmesis. Wound edge approximation is less precise with tape alone than with sutures. Wound edema can lead to blistering at the tape margins and to eversion of taped wound edges.80 Because of these disadvantages, tapes are not routinely used in equine surgery but may be used for certain specific indications.
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 The application of drains, bandages, and external coaptation is an important step in state-of-the-art wound management. The different dressings used in association with bandages are discussed in Chapter 26.
 
 DRAINS AND DRAINAGE History Hippocrates, in the 4th century BC, was the first to use drains in the form of hollow tubes, to treat empyemas. In the 2nd century AD, Celsus and Galen used conical tubes of brass and lead to drain ascites, and these devices were used for 1500 years. In 1719, Heisler introduced capillary drainage via a gauze wick inside a metal tube.1,2 In 1859, Penrose used soft rubber tubing as a drain, known today as the Penrose drain. Kehrer modified this technique in 1882 by placing gauze inside the Penrose drain to facilitate drainage, thus creating the “cigarette drain.” Today’s version of the cigarette drain consists of semirigid vinyl or polyvinyl tubing inserted into a Penrose drain to prevent soft tissue obstruction and increase capillary action.3,4 All of these drains were applied in a passive system, allowing gravity, capillary action, natural pressure gradients, or overflow to control fluid and gas emanations. Negative pressure was subsequently applied to the semirigid tubes to provide an active system, and finally Raffle developed the technique of continuous suction in 1952.5
 
 Purposes Drains are implants designed to channel unwanted fluids (such as wound secretions, purulent material, bile, urine, blood, or gases) out of the body.6 Proper use of drains generally speeds up healing time, whereas inappropriate use usually delays healing, occasionally even increasing morbidity and mortality. There are three reasons to place a drain: (1) to facilitate elimination of dead space, (2) to evacuate existing fluid and gas accumulations, and (3) to prevent anticipated formation of fluid collections.7 Understanding the principles of drain selection, placement, and management minimizes the risks associated with these implants.
 
 Materials The ideal drain is inert, soft, nonreactive, and radiopaque. Table 17-1 lists common drain types and materials. Soft latex is frequently used in drains; it allows excellent passive drainage of wound fluids. Because it is pliant and does not maintain a rigid lumen, it fits comfortably within the wound. Polyvinylchloride (PVC) drain tubes provide excellent wound fluid evacuation, especially from body cavities and deep surgical wounds. They are less flexible than latex and have a rigid lumen, allowing
 
 them to be used for passive or active systems. Frequently, PVC drains are multifenestrated to permit fluids to exit the wound or body. Other drains are manufactured out of silicone, an organic compound in which all or part of the carbon has been replaced by silicon (a nonmetallic element occurring in nature as silica).8 Silastic is the trade name for polymeric silicone substances having the properties of rubber; it is biologically inert and frequently used in applications other than drains.8 It is softer than PVC, but at some diameters it maintains a rigid lumen. Therefore, Silastic can be used for active or passive drainage systems. The compliance of the material increases the animal’s comfort and makes this type of drain ideal for placement in sensitive areas, next to bone, and within small spaces.9,10
 
 Placement The basic principles of wound management, such as clipping of the hair, aseptic preparation of the implantation site, and possibly local anesthesia, are considerations when placing a drain. In sterile wounds, the drain should be applied under aseptic conditions. Additionally, this sterile environment should be maintained as long as possible by covering the wound and by making frequent bandage changes. Passive drains should exit ventral to the most dependent aspect of the wound or dead space. The drains should be placed into the space requiring the most drainage. Occasionally, several drains are needed to evacuate a large area or several different tissue layers. The shortest and most direct avenue for evacuation of secretions should be selected. Drains cause some mechanical irritation and therefore should not be placed in the immediate vicinity of blood vessels, nerves, and suture lines. To reduce the risk of suture dehiscence, drains should exit through separate incisions, and not through the suture line (Figure 17-1, A). It is important to secure the drains with individual sutures to prevent their loss into or out of the wound. A suture is placed from the skin into the wound, through the drain, and back through the skin, where it is tied (see Figure 17-1, B). The suture used for securing the drain should be easily distinguishable from the skin sutures to avoid inadvertent premature removal of an incisional suture. If a drain is placed into a wound that is to be closed, care should be taken to avoid inadvertent incorporation of the drain into the suture line, because drains are usually removed before incisional sutures (see later). The drain end should be long enough to prevent its disappearance into the wound when the patient moves and to evacuate drainage fluids. It is also important to protect the drains from attempts by the patient to remove them. Large openings provide better and longer-lasting drainage. Small exit incisions frequently become blocked, even with a drain in place, preventing effective evacuation of drainage material. 203
 
 Soft, pliable latex available in various sizes Hollow tube
 
 Soft, pliable, nonreactive silicone
 
 Red rubber Smooth surface
 
 Waved sheet of red rubber, stiff, can be cut to size 12 silicone tubes, 3 mm in diameter, joined together parallel to each other
 
 Penrose drain†
 
 Silicone Penrose drain‡,§
 
 Rubber tube drains
 
 Well drain¶ (German for “waved drain”) Flexi-Drain§
 
 Flat Silastic, multifenestrated drain with nonfenestrated extension
 
 Round pliable Silastic drains with slits at the end Round, multifenestrated tube Inserted with blunt trocar into the chest
 
 Jackson-Pratt drain¶
 
 Blake drain*
 
 Drainage of thoracic cavity
 
 Closed or open drainage system
 
 Closed or open drainage system
 
 Closed or open drainage system
 
 Gravity Capillary action Gravity Capillary action Good drainage along the tubes where they join
 
 Gravity Capillary action
 
 Gravity Capillary action Gravity Capillary action Mostly drainage around periphery As Penrose drain
 
 Mechanism of Action; Function
 
 *Johnson & Johnson, New Brunswick, NJ: Triclosan-Gauze IVF Hartmann, Neuhausen, Switzerland. † Sherwood Medical, St. Louis, MO. ‡ Easy-Flow drain, Degania Silicon LTD, Degania Bet, Israel. § Cook Veterinary Products, Eight Mile Plains, Queensland, Australia. ¶ Nelaton, Ruesch, Belp, Switzerland. ¶ Zimmer, Inc. Dover, OH. # Mallinckrodt Medical, Athlone, Ireland.
 
 Trocar catheter#
 
 Round, multifenestrated PVC tube with nonfenestrated extension
 
 Redon drain¶
 
 ACTIVE DRAINS
 
 Fine mesh gauze
 
 Material
 
 Gauze drains*
 
 PASSIVE DRAINS
 
 TABLE 17-1.  Drains
 
 Can be used as closed or open drainage system Excellent for evacuation of fluids from body cavities Can be used as closed or open drainage system Excellent for evacuation of fluids from body cavities Less reactive Multifaceted slits reduce the risk of clogging up Minimal tissue irritation Minimal reaction and irritation Effective fluid drainage from thorax
 
 Less irritating Use in latex-sensitive patients Contains radiodense marker Because of relative stiffness, rarely compressed or occluded Suction may be applied Because of relative stiffness, rarely compressed or occluded Can be split longitudinally to adjust size of drain Suction may be applied
 
 Economical Many applications
 
 Economical
 
 Advantages
 
 Reactively voluminous Suction function possible only when skin suture is tight Relatively easily disloged, interrupting effective drainage
 
 Depending on location, attaching the container may be difficult
 
 Depending on location, attaching the container may be difficult Tube cannot be used universally
 
 Main drainage externally
 
 Increased foreign body reaction
 
 Increased foreign body reaction
 
 May easily kink Not applicable in body cavities No suction possible May facilitate ascending infection Not applicable in body cavities No suction possible
 
 Adherence of fibrin clots to gauze
 
 Disadvantages
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 duration of the débridement period of wound healing. However, there are exceptions to this rule:
 
 A
 
 B Figure 17-1.  Proper placement of a Penrose drain for passive postoperative drainage. A, The two exit portals for the drain are placed distant from the primary incision. The ends of the drain are secured with a suture each (using sutures of a different type from the skin sutures for easy recognition). B, Only the distal exit portal is made, and the proximal-most aspect of the drain is secured within the wound with a suture that enters proximal to the wound through the skin, passes through the drain, and exits the skin again, where it is tied. The wound is subsequently closed.
 
 • When evacuating blood from small cavities, the drain may be removed after approximately 24 hours. • When treating bacterial infections, the drain should be maintained for 48 to 72 hours. • If large dead spaces remain, for example, after tumor removal, the presence of a drain may be necessary for as long as 2 weeks. The best indicator for drain removal is an abrupt decrease in the drainage volume and a change in its characteristics to a serous, non-odiferous, slightly turbid fluid. Because drains are foreign material, they induce the production of secretions. At the time of drain removal, exit sites are prepared for aseptic surgery. While the proximal end is held in place, the distal securing suture is removed, followed by application of slight tension to the distal end of the drain, before it is cut off at skin level. This ensures that the contaminated external part of the drain is not pulled through the wound bed, possibly recontaminating it. The proximal suture is removed, and the rest of the drain is pulled out of the wound bed through the distal portal. The two incisions are left to heal by secondary intention. In cases where only one exit portal exists, the securing suture(s) is (are) cut and the drain is removed through the distal portal. If gauze packs are used as tamponade in a bleeding or actively secreting wound bed, they are removed in stages, with a portion withdrawn and cut off daily, each time leaving a protruding stump to facilitate removal of the next portion.
 
 Complications
 
 The amount of drainage and its consistency dictate the frequency with which bandages need to be changed or vacuum containers emptied. The exit site should be cleaned with antiseptic solutions at every bandage change. If a passive drain is used, it is advisable to protect the adjacent skin from irritation by covering it with a thin layer of Vaseline. Passive drains should seldom if ever be back-flushed, and active drains should not be back-flushed unless obstructed because of the risk of transporting microorganisms into the wound. Additionally, healing may be interrupted by the mechanical disturbance of flushing. Re-establishing drainage in an obstructed drain exit wound should be performed carefully. If the drain exit site is obstructed, it should be reopened. First the site is prepared for aseptic surgery, followed by inserting a sterile hemostatic forceps into the opening and gently spreading its jaws to separate the wound ends. If needed, some surrounding tissues are removed with scissors or a small scalpel. Because round wounds heal much more slowly than triangular or square/rectangular wounds, it is advisable to create a round drainage opening to ensure an exit portal that will be open for a longer period of time.
 
 Foreign body response and ascending infection are the most common complications associated with drain use. Because drains are foreign bodies, a certain adverse response to the drain cannot be avoided. If a portion of the drain is accidentally left in the wound, wound drainage will persist until it is removed. Therefore, the removed drain should be carefully examined to verify that it is intact. Ascending infection may aggravate an already existing infection, and the microorganisms in the wound may be resistant to previously used antibiotics. Cultures should be obtained from the drain if the character of the wound fluid changes or the volume increases while a drain is in place. Loss of function may be encountered, especially if the distal exiting portal is too small. It is therefore advisable to initially remove a triangle of skin and subcutaneous tissue at the exiting portal. Cutting a round hole ensures longer persitance of a patent drainage hole. Another cause of loss of function is the kinking of a tube drain, effectively obliterating the drain lumen. Repositioning of the drain and gentle traction may restore function. Suture dehiscence is an occasional complication that may be attributed to the placement of a drain. Also, vessels and nerves may be damaged during drain placement through stab incisions and blind implantation. Rigid drain tubes may cause pain if they are located near osseous protuberances.
 
 Removal
 
 Types of Drains
 
 As a general rule, drains should be removed as quickly as possible. An average time for maintaining drains is 2 to 4 days, the
 
 Drain selection depends on the wound and on expected activity level of the patient. Additionally, the preference of the surgeon,
 
 Management
 
 206 
 
 SECTION II  SURGICAL METHODS
 
 based on experience, plays an important role in the drain selection. Passive Drains GAUZE DRAINS Gauze drains are prepared from gauze rolls or gauze sponges. They may be soaked with an antibiotic or even with a mild or diluted antiseptic. The antibiotic may be added at the time of drain placement, or the gauze may come commercially prepared (Figure 17-2, and see Table 17-1). If a large amount of gauze is used to pack a cavity, several rolls are tied together securely to ensure that eventually all of them are completely removed. Drainage occurs by gravity and capillary action. Gauze drains are applied as packing in profusely bleeding cavities (e.g., after nasal septum removal) or in abscesses that cannot be drained at the lowest point. They can be used to evacuate a hematoma (after closed castration). In Europe, gauze drains are frequently attached to the stump of the spermatic cord after castration to facilitate drainage and prevent fluid accumulation in the periscrotal tissues. The advantages of gauze drains include cost effectiveness and ease of removal in stages. The adherence of fibrin clots to the gauze is a disadvantage because it may result in bleeding after removal. Conversely, the aderance of fibrin to the drain may also support débridement of the cavity. PENROSE DRAINS Penrose drains are the most commonly used drains because they are soft, pliable, easily sterilized, readily available, and economical, and they cause little foreign body reaction (see Table 17-1).4 They are available in lengths from 30 to 45 cm (12 to 18 inches) and in widths from 6 to 25 mm ( 1 4 to 1 inch) (see Figure 17-2). Most drainage occurs extraluminally and is driven by gravity and capillary action. To facilitate intraluminal drainage, the drain may be installed inside the body at its most proximal aspect or fenestrated. However, despite providing access of drainage to the inside of the drain, fenestrations reduce the surface area, which decreases the drain’s efficacy.4 Also, the
 
 Figure 17-2.  Materials frequently used as drains. a, Gauze drain soaked with Triclosan (antibiotic) (IVF Hartmann, Neuhausen, Switzerland).  b, Latex Penrose drains (Sherwood Medical; St. Louis, MO). c, Sheet drain of waved red rubber (Ruesch, Belp, Switzerland). The sheet is folded over. d, Easy-Flow silicone drain (Degania Silicone LTD, Degania Bet, Israel).
 
 fenestrations weaken the drain and may result in breakage when traction is applied to remove it. The risk of subsequent incomplete removal if adhesions between the drain and the soft tissues develop obviates any advantage that fenestration might provide. Penrose drains can be successfully used in wounds that cannot be completely débrided and in the presence of residual foreign material, massively contaminated tissue, questionably viable tissue, and fluid-filled dead spaces.3,5,7 Additionally, these drains have been applied with favorable results underneath skin grafts, in open wounds left to heal by secondary intention, and even in septic joints and tendon sheaths left open for lavage.11-14 Penrose drains are not suitable for use with suction (because they collapse under a vacuum), in the abdominal cavity (because they are walled off within a short time in the abdomen), or in the thoracic cavity (because they allow air to pass into the thorax).7 SHEET DRAINS Frequently, large wounds over muscular areas have to be drained. In these instances, several drains are needed to effectively drain the entire wound. The sheet drain represents an alternative in these situations (see Figure 17-2 and Table 17-1). The drain is manufactured of red rubber and has a cross-section shaped like a sine wave. The sheet can be trimmed to the desired size and width. To facilitate additional space in the field to be drained, the sheet can be folded or rolled over. Because of its inherent stiffness, there is a gap between any two layers of drain when folded or rolled, which resists obstruction. Because red rubber generally induces a significant foreign body reaction, these drains are left in place for only a couple of days, but they work efficiently during that time. TUBE DRAINS Tube drains differ in form and material. They can be relatively stiff, single tubes of red rubber; contain a cross-sectional wave pattern; be of soft, pliable, ribbed, flat Silastic; or be tubular silicone drains that consist of 12 single tubes joined together, each with a diameter of 3 mm (Figure 17-3, and see Table 17-1). These drains function by extraluminal and intraluminal flow and have been successfully applied for draining fluids from wounds as well as from the abdomen and thorax. The more rigid tube drains have a tendency to induce a greater tissue irritation than Penrose-type drains. Simple tube drains provide only weak capillary action but they are effective for gravity drainage.4,7 The outer and inner surfaces of the tubes should exhibit a low coefficient of friction to facilitate evacuation of blood clots as well as the drain’s removal. Some of the drains can be connected to a suction apparatus to evacuate fluids without lumen collapse and to allow irrigation. These drains are inexpensive and readily available, and they cause less interference with tissue healing than Penrose drains.4 One disadvantage of tube drains in a passive system is that they are easily obstructed by debris, so that they become ineffective until they are back-flushed to render them patent again, and this may have to be repeated frequently. Therefore, the use of these drains is limited to grossly contaminated areas where bacterial contamination by back-flushing is not too worrisome. Some materials (such as red rubber) induce greater inflammatory reactions than others (such as PVC or Silastic). Polyethylene contains certain impurities that support bacterial growth.3,7 When used intra-abdominally, omentum can easily obstruct tube drains.
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 Figure 17-4.  A Lepage drain (Cook Veterinary Products, Eight Mile Plains, Queensland, Australia) shown with its insert to provide rigidty during insertion. Two plastic arm bands are shown that are used to attach the negative suction device at the bandage.
 
 Figure 17-5.  A Blake drain (Johnson & Johnson, New Brunswick, NJ) Figure 17-3.  A Flexi-drain (Cook Veterinary Products, Eight Mile Plains, Queensland, Australia) folded up in a plastic cup. The 12 single tubes joined to a single drain system is shown.
 
 and a multifenestrated Snyder-type tube drain (Zimmer, Inc, Dover, OH). The insert represents the cross-section of the Blake drain. The trocar at the other end is used to place the drain through the skin.
 
 Active Drains CLOSED SUCTION SYSTEMS In equine practice, simple tube drains attached to a suction apparatus providing either intermittent or continuous suction are frequently used in infected joints and in large, deep wounds to evacuate the pleural space and under full-thickness skin grafts. Fenestrated tube and Blake drains are often used in these situations (Figures 17-4 and 17-5; see Table 17-1), and occasionally Snyder Hemovac drains are used (Figure 17-6; see Table 17-1). Either the end of the drain is multifenestrated or the cross-section consists of a modified cloverleaf pattern with four slits and protected spaces (i.e., the Blake drain). The external end is made of smooth tubing and is connected through a three-way stopcock, most frequently to a syringe; the plunger of the syringe is withdrawn and held in that position by introducing a large needle or a small pin across a hole prepared across the plunger and resting it on the syringe end to achieve the desired persistent negative pressure (see Figure 17-6). This provides the most economical suction apparatus. The three-way stopcock allows interruption of the suction action prior to removing the syringe for emptying. This is also an effective means to fight against ascending infection. A study comparing Penrose drains to closed suction drains showed that at 24 hours, 34% of the Penrose drains were contaminated compared with none of the closed suction drains.2,4,7 If suction is applied in a continuous manner, soft tissues can rapidly occlude the drain. High negative pressure may cause injury to tissues, and if the system is suddenly disrupted, reflux of evacuated
 
 Figure 17-6.  Devices used as active drainage systems. a, Syringeadapted closed-suction device made from a 60-mL syringe by drilling a hole in the shaft, near the plunger. A three-way stopcock and extension set is attached to the syringe and fixed to the drain. The syringe is held open by a 14-gauge needle whose tip is ground flat, placed across the syringe shaft. b, Snyder Hemovac–100 mL (Zimmer, Inc, Dover, OH) with a flat silicone fenestrated drain. c, Snyder Hemovac–400 mL (Zimmer, Inc).
 
 fluid may occur, increasing the risk of infection. Adding a Heimlich valve to a suction system can prevent reflux of fluid (Figure 17-7). A special closed suction system has been used in humans to promote granulation tissue production in large open wounds,
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 Figure 17-7.  Top: A spontaneous pneumothorax aspiration system (Heimlich valve) (Cook Veterinary Products, Eight Mile Plains, Queensland, Australia) used to prevent access of ascending air and microorganisms into the cavity to be drained. Bottom: A PVC thorax drain (Trocar Catheter, Mallinckrodt Medical, Athlone, Ireland).
 
 A
 
 B
 
 Figure 17-9.  A, An old, infected, nonhealing wound over the dorsomedial aspect of third metatarsal bone. The granulation tissue is unhealthy looking and nonresponsive to treatment. B, The same wound 4 days later, after removal of the suction device. Healthy granulation tissue covers the wound. The size of the wound is significantly reduced.
 
 Figure 17-8.  The wound in Figure 17-9 was covered with a suction device and sealed under a plastic bandage.
 
 especially when there is bone involvement. This device has been successfully applied in horses. The wound to be treated by suction is prepared for aseptic surgery and the wound edges are clipped and trimmed. A sponge is cut to slightly overlap the wound size. The continuous suction device is installed into the sponge. The entire sponge and the suction device are covered by a special adhesive tape, which provides an airtight seal between the wound and the normal skin (Figure 17-8). A bandage is applied to protect the device and maintain external pressure. When suction is applied, the evacuated fluid accumulates in a container. Movements of the horse must be restricted to ensure continuous suction. This method of wound treatment can change an infected, odiferous wound into one covered with healthy granulation tissue within 4 days (Figure 17-9). OPEN SUCTION SYSTEMS Open suction is rarely applied in equine surgery. One system involves a sump drain, consisting of a large drain tube with a
 
 second, smaller tube in the wall or within the lumen of the larger tube. This “vented” suction apparatus allows air to enter the wound through the narrow lumen tube while debris and fluid are evacuated through the larger tube. Suction may be applied in continuous or intermittent form.4,7 The airflow improves drainage and decreases the risk of occlusion. However, sump drains do not adapt well to many veterinary hospital situations. Large, portable, or built-in wall units are needed. Also, the large quantities of air needed to keep the suction end open may increase the risk of infection and tissue irritation. Bacterial filters over the air inlets have been shown to effectively reduce infection rates.2 The application of a Heimlich valve provides an effective barrier to ascending infection in open drainage of body cavities. This device prevents inflow of air but facilitates drainage of fluid and debris (see Figure 17-6).
 
 Drainage of Body Spaces Drains in Synovial Spaces Removal of purulent debris from synovial spaces is facilitated by drain placement. Passive or active drainage systems can be employed for this purpose, but the passive Penrose drains are best. It is important that they be placed in the distal dependent aspect of the synovial space and maintained beneath a sterile bandage. Conversely, active drainage systems can be uncomfortable and abrasive to articular cartilage and tendons because of the rigidity of the material. However, Jackson-Pratt drains, made from Silastic, are multifenestrated and can be placed in these small spaces to provide efficient active drainage.8
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 Drains in Body Cavities ABDOMEN Passive drainage of the abdominal cavity requires dependent placement of a rigid-lumen drain tube.7 PVC and Silastic drains can be used effectively for this purpose. (Penrose drains are not functional for this purpose and should not be used.) Intraoperative placement of multifenestrated drains should be considered after abdominal lavage or when large volumes of exudate or transudate are expected. The drain is placed in a dependent position away from the abdominal incision and sutured to the skin to prevent dislodgement. A sharp trocar with a threaded end is provided to facilitate entrance of the drain at the desired location (see Figure 17-4). It is important to use the trocar to prepare the drain exit portal so that it is just large enough to allow drainage to occur through the drain lumen but not around it. An exit wound that is too large may allow eventration of omentum through it. Bandage placement over abdominal drains is impractical because of the drainage volume obtained. If used, the drains should be removed as soon as drainage slows or ceases. Protecting the drain end is important to prevent ascending infection. A simple method to reduce this risk is to cut off the end of a latex condom, or a finger from a surgical glove, and to place it over the drain, where it acts as a one-way valve. Such valves are commercially available under the name of Heimlich valves (see Figure 17-7). Thoracic trocars made from PVC and Silastic can be placed percutaneously for drainage of air, urine, exudates, or lavage fluid from the abdominal cavity. Functional time may be limited by the number of fenestrations in the commercial products, so it is helpful to provide additional fenestrations. Square holes in the drain may provide better drainage than round holes.4 To place the drain, a dependent position is identified. If a longstanding peritonitis is present, or if there has been previous surgery, ultrasonographic guidance may be indicated to identify bowel adhered to or near the body wall. The site is prepared for aseptic surgery, and local anesthetic is infiltrated. A 1-cm incision is made through the skin and the external rectus sheath. An appropriate-diameter thoracic trocar is selected (16-30 Fr) and carefully inserted through the rectus abdominis muscle, internal rectus sheath, and peritoneum. When the abdominal cavity is penetrated, the obturator is removed, minimizing the risk of inadvertent bowel puncture. The drain is subsequently positioned properly and secured. Drains can be sutured to the skin in a variety of patterns. Two useful patterns are the Chinese finger trap suture and the double clove hitch pattern (Figure 17-10).9 If the drain is left in place, its end is protected, as previously described, or a Heimlich valve may be added. In cases that benefit from open peritoneal drainage, polypropylene mesh can be used to provide drainage over several days.7 After correction of the primary problem, the mesh is secured into the abdominal closure with sutures, leaving a gap for fluids to escape. The mesh is left in place until drainage subsides, and it is removed during a second surgical procedure (Figure 17-11). THORAX Thoracic drainage presents special problems because negative pressure needs to be maintained in the chest despite the frequent presence of air. The use of a rigid drain tube is necessary. Removal of air can be achieved through active or passive mechanisms. To place a drain for removal of air, a dorsal site is selected and prepared for aseptic surgery. Local anesthetic is infiltrated prior to establishing a 1-cm stab incision through the skin. A
 
 A
 
 B Figure 17-10.  Suture patterns used to secure a drain to the body wall. A, The “Chinese finger trap” suture pattern. B, The “double clove hitch” pattern.
 
 Figure 17-11.  Polypropylene mesh used for open peritoneal drainage. The mesh, seen interposed between the wound edges, is ready for removal.
 
 thoracic trocar is inserted and tunneled cranially for one or two rib spaces, followed by insertion into the thorax along the cranial edge of the rib, avoiding the intercostal vessels located on the caudal border of the ribs (Figure 17-12). When the thorax has been penetrated, a Heimlich valve is placed on the drain end. The Heimlich valve has a rubber liner, which allows air to exit during expiration, and it collapses on inspiration,
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 restricting backflow of air (see Figure 17-7). If a large volume of air is present, suction can be applied to the open end of the Heimlich valve, rapidly removing air and reestablishing negative pressure. The drain is secured by one of the means previously described. If the primary problem is corrected, the drain can usually be removed within 24 hours if an active drainage system was used initially to drain fluid from the lower thorax.
 
 Multifenestrated PVC drains surgically placed or thoracic trocars percutaneously placed are suitable for this purpose. A closed suction device is applied to the catheter and is maintained until drainage subsides. It is important that the closed suction device not become dislodged from the drain because this would cause a rapid loss of negative pressure and introduce environmental contaminants into the thorax (see Figure 17-12).
 
 BANDAGES Bandages are applied to cover wounds protected by dressings, to prevent edema formation after injuries of the limb, and to support the limb in conjunction with an added splint in the case of a ligament injury or fractured bone.15,16 The type of bandage is chosen on the basis of the location and the nature of the injury.
 
 Foot Bandage
 
 Figure 17-12.  Proper placement of thoracic drains. A drain in the dorsal thorax is placed with a Heimlich valve (Heimlich chest drain valve, Bard Parker, Becton Dickinson, Inc., Lincoln Park, NJ) to prevent the backflow of air. A ventral drain uses a syringe-adapted closed-suction device to provide safe removal of fluid accumulating in the ventral thoracic cavity.
 
 Foot bandages are applied to manage a variety of problems. Part of a roll of cotton is placed over a primary wound dressing (Figure 17-13). The padding is secured with gauze, and it can be held in place with either cohesive or adhesive bandaging tape. Duct tape placed over the bottom of the bandage will render the bandage more durable and less permeable to urine and water (see Figure 17-13).15 Moisture can be kept from entering the bandage by placing plastic over the foot. An empty 5-L fluid-bag can be opened with a pair of scissors and placed over
 
 Figure 17-13.  A, Several layers of folded-up cotton are placed over the sole of the foot. B and C, The roll of cotton is subsequently applied in several layers over the foot and fetlock area. D, A roll of elastic adhesive tape, tightly applied, finishes the bandage. E, Some protection may be applied to the sole to prevent wearing of the bandage. If deemed necessary, the bandage may also be covered with several layers of casting tape to further reduce motion in this region and to stabilize an injury of the bulbs of the heel.
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 Figure 17-14.  A, The heel area is first padded with some cotton. B, The first layer of the lower limb bandage is placed on the hind limb. C, After tightening the first layer with gauze, a second layer is applied. D, The bandage is covered with elastic adhesive tape and secured with two pieces of duct tape. To finish the bandage, adhesive tape is applied to its top and bottom to prevent bedding and dirt from gaining access to the wound (not shown).
 
 A
 
 B
 
 C
 
 the hoof capsule and fastened with adhesive tape, attaching it effectively to the foot. This type of bandage is useful if it is desirable to exclude water from the wound environment, when a poultice or soak is applied to the foot, or when preparing a foot or pastern for any type of aseptic surgery.
 
 Lower Limb Bandage A lower limb bandage is applied from the bulbs of the heel up to just below the carpus or tarsus. It usually consists of a roll of cotton or sheet, applied in the standard clockwise fashion (pulling the tendons to the inside) (Figure 17-14). The underlying medical problem dictates the thickness, or number of layers, of the bandage. Each layer is secured with conforming roll gauze, wrapped snugly in a spiral pattern overlapping half the tape width, to prevent the padding from slipping or bunching. The gauze is overlaid with either adhesive or cohesive bandaging tape to secure the bandage in position. A single wrap of adhesive tape around the bottom of the hoof and the top of the bandage prevents bedding materials from gaining access to the underlying skin or wound, respectively. Care should be taken to extend the bandage to the level of the carpometacarpal or tarsometatarsal joint and to prevent inadvertent tendon damage if a considerable amount of tension is applied to the elastic bandage tape. At the level of those joints, the tendons are lodged between the vestigial metacarpal bones, which provide protection. Additionally, the coronary band should be included in the bandage so that tape can be applied directly to the hoof capsule.
 
 Full Limb Bandage Forelimb A full limb bandage is applied from the bulbs of the heel up to the elbow region (Figure 17-15). When applying a full limb bandage, movement of the carpus requires that special attention be given to this area to prevent decubitus ulcers. The bandage
 
 D
 
 is usually stacked, beginnning with a lower limb bandage followed by proximal limb bandages, to prevent slippage and subsequent irritation over bony prominences. Padding materials are the same as for the lower limb bandage and therefore require placement in two stages. The distal bandage is initially applied as previously described. The proximal part is subsequently added on top of the lower limb bandage, overlapping it for 5 to 10 cm. Applying a doughnut-shaped cotton ring or incising the gauze over the accessory carpal bone helps prevent skin irritation over that area and potential development of skin ulcers. Tightening of the bandage in layers provides more stability and increases the support. If the bandage becomes displaced distally, it is imperative that it be changed at once to prevent skin ulcers from developing over bony prominences. Hindlimb Motion of the tarsus requires special attention when applying a bandage to that region. Primary wound dressings are held in place using gauze applied in a figure-of-eight pattern (Figure 17-16). The crossing of the “8” occurs over the dorsal aspect of the tarsus, with the loops applied around the proximal metatarsus and the distal tibia of the limb, leaving the point of the hock open. Caution should be used in applying tension over the gastrocnemius tendon. The bandage is also applied in two steps, as described for the forelimb. The proximal part of the bandage overlaps the distal bandage. Applying soft cotton patches medially and laterally between the tibia and the gastrocnemius tendon provides support and reduces the pressure of the latter, thereby serving as protection against tendon damage that could result from excessive tension. Each layer of padding material is first secured with gauze, applied at a right angle to the limb, as opposed to the figure-of-eight pattern for the primary dressing. Application of cohesive or adhesive tape completes the bandage (see Figure 17-16). The bandage is finished by applying elastic adhesive tape around the hoof capsule below and to the skin on top of the proximal end of the
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 Figure 17-15.  A full limb bandage applied to the hind limb. A, The distal part of the bandage (shown in Figure 17-14) is first applied. Cotton arranged in a doughnut shape or a piece of felt with a central hole is placed over the accessory carpal bone before roll cotton is applied to the proximal aspect of the limb. B, The carpal area is covered with roll cotton in figure-of-eight fashion. C, The proximal limb is evenly covered with cotton layers, each separately tightened with heavy gauze. D, The bandage is covered with tightly applied elastic adhesive tape, and the top and bottom are sealed to prevent access of bedding and dirt.
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 C
 
 D
 
 Figure 17-16.  A Robert Jones bandage with a lateral splint applied to immobilize a distal tibial fracture prior to surgery. A, First, a multilayered full limb bandage is applied to the limb using a technique similar to that described in Figure 17-15. The tarsus is covered with a figure-of-eight bandage. B, The proximally padded commercial metallic splint is applied to the lateral aspect of the limb and attached to the bandage with broad nonelastic tape.  C, The bandage is tightly applied up to the stifle. The padded loop in the hip area provides counter-pressure and resists the development of a valgus deformity during weight bearing. It is prudent to surgically prepare the skin and use a sterile dressing in the first layer in the event the fracture becomes open after the bandage is applied or during transport.
 
 A
 
 bandage, thus preventing access of bedding to the skin underneath the bandage. The application of a full limb bandage to the hind limb decreases the movement of all joints in the limb because of the reciprocal apparatus. Some horses have more problems coping with this situation, especially when rising from recumbency. Therefore, the patient will need to be observed for a while after such a bandage is applied.
 
 Splints A special type of full-limb bandage is the Robert Jones dressing (RJD), for which several layers of cotton are evenly applied over the entire limb, each layer tightened separately with elastic nonadhesive tape. The final cover of the RJD consists of a layer of
 
 B
 
 C
 
 tightly applied elastic adhesive tape. The size of the RJD should be approximately double the size of the limb and produce a dampened “ping” when snapped with the finger on the outside. This type of bandage provides good support to a severely injured or fractured extremity, because it adds rigidity, especially if a splint of some kind is incorporated into the bandage. An RJD with an incorporated splint allows weight bearing on a fractured limb. Splints must be applied carefully to prevent decubitus ulcers. Splint materials commonly used include: wood, PVC pipe, or metal, or they can be assembled from cast material incorporated into the bandage. Wood splints are not ideal because they lack strength in small conforming widths, and larger boards do not conform well to the limb. This limitation is overcome by incorporating several small-width slats into the bandage. The sum
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 of the slats used increases the bandage rigidity and achieves the desired result. With adequate padding in place, 1 × 4-inch (2.5 × 10 cm) boards can be incorporated into a bandage and arranged in at least two right-angle planes. Board splints should extend from the hoof to the joint proximal to the affected area in at least one plane. If the radius or tibia is to be immobilized, a padded lateral splint extending beyond the top of the bandage should be incorporated to prevent adduction of the limb (see Figure 17-16). Excellent rigidity can be achieved by using PVC pipe as splints. The diameter of the schedule 40 PVC pipe selected depends on the size and location of the limb to which it is applied. The material should be split longitudinally in half. The splint may be modified by removing half-moon–shaped portions at strategic locations to allow access to regions with a wider diameter, such as the carpus. A good compromise has to be found between the PVC pipe diameter and the diameter of the widest part of the limb to be incorporated into the splint. Neither PVC pipe nor wood conforms well to the limb, however. By applying a hot air gun to strategic locations of the PVC pipe some adaptations to anatomic locations are possible. Casting tape, on the other hand, conforms well to the bandaged limb, but it does not provide the bandage rigidity that can be achieved with wood or PVC pipe. Splints may be made from casting tape rolls, or they can be purchased in that configuration as a longuette. The addition of a casting tape splint reduces the amount of padding needed and provides suitable immobilization in most circumstances. Casting tape splints cannot be applied to extend to the shoulder or hip to prevent adduction of the limb for immobilization of the antebrachium or crus, respectively. Stainless steel splints are commercially available for temporary immobilization of the distal limb, including the metacarpus in the forelimb. These splints are used as emergency fixation for breakdown injuries of the suspensory apparatus, for flexor tendon injuries, for fractures of the metacarpal condyle, and for phalangeal fractures when a strut of bone remains to support the limb. They are especially useful for transport of horses with such injuries (see Chapter 73).
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 Figure 17-17.  A high profile Easyboot (EasyCare, Inc., Tucson, AZ) with a thick sole and a silicone pad for the support of the sole. Additional pads can be added to elevate the foot in cases where a cast was applied to the opposite foot.
 
 Boots A variety of commerical equine boots are manufactured from different materials and in different sizes and styles, ranging from low to high profiles and for the front and rear limbs. Low flexible boots are used to replace conventional horse shoes. Some boots reach the pastern region and contain a thick, rugged sole (Easyboot, EasyCare, Inc., Tucson, AZ). Silicone pads are available that can be trimed to fit the sole of the foot to be placed into the boot (Figure 17-17). This boot is well suited to raise the opposite foot of a horse placed in a cast (see later in this chapter). Other boots are available to apply to an injured horse on an emergency basis (Figure 17-18). Indications for these boots are breakdown injuries and phalangeal fractures. A tight bandage is applied to the distal limb to ensure a tight fit in the boot. These boots can also be applied following internal fixation of phalangeal and distal metacarpal or metatarsal fractures. When the horse has recovered from anesthesia, the boot is usually removed. However, in selected cases it can be maintained for a longer period of time. The same control measures have to be applied similar to casts (see later in this chapter).
 
 Figure 17-18.  A distal limb boot (Equine Bracing Solutions, Trumansburg, NY) used for emergency treatment of distal limb fractures and to protect an internal fixation of such fractures during recovery from anesthesia. (Courtesy L. Bramlage, Rood & Riddle Equine Hospital, Lexington, KY.)
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 EXTERNAL COAPTATION (CASTS) Cast Application Materials Historically, plaster of Paris casts have been popular for external coaptation. Plaster is still a viable casting material because it is easy to apply, has good molding capability, and is inexpensive. Unfortunately, plaster casts also are heavy, disintegrate when wet, and do not allow tissues to be exposed to air, which makes this type of cast uncomfortable when worn for a prolonged period.17 Furthermore, plaster is not as strong as fiberglass and thus requires more material to prevent breakage. This results in a heavier cast. The shortcomings of early fiberglass casts were corrected and they are now manufactured from materials of superior quality; they are lightweight, strong, and radiolucent, and they have excellent molding capability. Additionally, the porosity of the material allows air to reach the skin. Although these types of casts are more expensive than plaster casts, they are more durable and require less material for adequate strength. A variety of fiberglass casting materials are currently available on the market. In 1983, the mechanical properties of several of these materials were compared, and the differences were recorded.18 However, since then, major improvements in handling capability and strength have been implemented. For practical purposes today, there are no significant differences between the various fiberglass products on the market. The strength of a cast is determined mainly through bonding between the tape layers, so swift cast application to avoid lamination is necessary to produce a strong cast. Fiberglass casts are about 20 times stronger and 4 times lighter than plaster casts. All cast materials exhibit an exothermic reaction (they release heat) during setting; the more layers applied, the greater the reaction. Immersion in water hotter than 27° C (80.6° F) immediately before application also results in heat production. However, warm water reduces the curing time considerably. Therefore, veterinarians inexperienced in the application of casts should use cool water, which permits a longer application time but ensures that all tape layers will bond together as the cast hardens. Unlike in the procedure for application of plaster casts, water should not be expressed from the fiberglass material before application, because the cooling effect of the water is lost. Also, freshly applied casts should not be covered with bandage materials before they have set, as is frequently done to facilitate intertape-bonding and ensure good rigidity of the cast. The casts usually set within 4 to 5 minutes and allow weight bearing within 20 to 30 minutes.
 
 Technique Most casts are applied with the horse under general anesthesia. This prevents the animal from moving during the application and setting of the cast, which may weaken the cast or cause pressure points, with subsequent development of decubitus ulcers. However, with adequate sedation, casts can also be successfully applied in standing horses. Before starting, all materials should be laid out for efficient and swift cast application. The entire portion of the limb to be covered with a cast should be cleaned and dried. It is not advisable to clip the hair unless that is required for a surgical procedure. Special attention should be given to the hoof. It should be trimmed and all excessive sole and frog material removed. It is advisable to paint the sole and frog with a solution containing iodine. Any lacerations or wounds should be débrided, sutured if necessary, and covered with a sterile nonadhering dressing. This dressing should be secured by a gauze or elastic bandage. It is advisable to apply boric acid to the portion of the limb that will be covered with a cast. Boric acid is a drying agent with antibacterial properties. Applying zinc-containing soft gauze is an alternative method to provide protective properties to the skin. These measures are especially important if the cast is to be left in place for an extended period of time. A piece of stockinette somewhat longer than twice the proposed length of the cast is prepared by rolling it from each end toward its center. One side is rolled outward and the other side inward (Figure 17-19). For foals, a 5-cm (2-inch) diameter stockinette should be selected. A 7.5- or 10-cm (3- to 4-inch) stockinette is adequate for adult horses. The stockinette should be neither too loose nor too tight. The stockinette is applied to the limb with the portion previously rolled up in the outward direction (viewed from the stockinette). The rolled up portion is now unrolled, and in doing so the stockinette is applied to the limb (see Figure 17-19). When the first layer of stockinette is applied, it should be pulled distally for about 2 cm ( 3 4 inch) to ensure normal alignment of the hair along the limb. The other half of the stockinette is then twisted at the sole region and unrolled like the first half (the previously inwardly rolled part can now be rolled outwardly). At this stage, the stockinette should extend about 5 to 10 cm (2 to 4 inches) past the proximal end of the cast to be applied. Generally, a ring of orthopedic felt, about 7 cm (3 inches) wide, is applied to the most proximal aspect of
 
 Indications External coaptation by casting is indicated in selected fractures of the phalanges, as adjunct treatment to internal fixation of fractures, for immobilization after tendon repair, and to stabilize wounds that are healing in regions of continuous motion, such as heel lacerations (see Chapter 90). Casts are also applied to protect a limb during recovery from anesthesia—for example, after repair of a condylar fracture of the distal third metacarpal or metarsal (MCIII/MTIII). Tube casts may be applied to foals with incomplete ossification of the cuboidal carpal and tarsal bones to facilitate ossification while weight is distributed evenly across the joints (see Chapter 86).
 
 Figure 17-19.  The limb is placed in traction and the inner layer of stockinette is rolled up along the limb. The outer layer of stockinette, which was initially rolled up in an inward direction, is twisted axially 360 degrees at the bottom of the foot and rolled up along the limb as well. At the proximal aspect of the cast, a wedge-shaped piece of thick felt is fitted to the limb, secured with tape, and covered with the outer layer of stockinette.
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 the cast between the two layers of the stockinette (see Figure 17-19). This ring of felt should not be overlapped but should be adjusted to the correct length to perfectly appose both ends. The ends are held in place temporarily by nonelastic adhesive tape. For plaster casts, a cotton stockinette usually is used, whereas synthetic stockinettes are preferred for fiberglass casts. Because synthetic stockinette is manufactured from acrylic fiber that has little capacity to hold moisture, moisture is transferred away from the body. Also, synthetic stockinette maintains greater bulk, adding to the padding. Some clinicians prefer to add a thin layer of synthetic cast padding between the two layers of stockinette. Additional attention should be given to potential pressure points, such as over the accessory carpal bone, ergot, or calcaneus regions. Extra padding, consisting of a silicone doughnut or orthopedic felt with an elliptic hole, should be applied to these areas. After the stockinette and padding have been applied, the limb should be positioned for application of the cast. In most cases, the limb should be extended with the metacarpal and phalangeal regions in the same frontal plane. In special cases, it may be preferable to cast the limb in a normal weight-bearing position. For this purpose, the carpus is flexed and slight pressure is applied either to the dorsum at the fetlock region or to the sole in a dorsal direction (Figure 17-20). An
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 assistant must hold the limb in the desired position. The palm of the hand, not the fingertips, should be used to apply pressure to a specific region and thereby help prevent pressure point development. It must be kept in mind that attempts to cast a limb in its normal angulation fails in most cases when the cast is applied with the horse in a non–weight-bearing position (i.e., on the surgery table). Casting a limb in an “almost weightbearing” position renders it more vulnerable to the development of pressure sores than if the limb is cast with the metacarpal/metatarsal and phalangeal regions aligned in the same plane. Therefore applying the cast in the standing, weightbearing horse that is properly sedated is the method of choice for a normal weight-bearing position. The polyurethane, resin-impregnated foam (3M Custom Support Foam) introduced in the early 1990s is an efficient means to reduce cast sores.15,19 This material is immersed in warm water for about 1 minute. After minimal squeezing, the soft foam is applied evenly over the stockinette. Care is taken to overlap each turn half of the width, with the result that a double layer of foam is applied evenly over the part of the limb being covered with a cast. Minimal tension is applied. Wearing gloves during application of the foam is strongly encouraged. To facilitate cast removal under practice conditions, one Gigli wire attached to a long felt strip (Figure 17-21, A) may be placed medially and laterally over the padded limb (see Figure 71-21,
 
 Figure 17-20.  A short limb cast applied to the forelimb. The
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 E
 
 phalanges and third metacarpal are aligned in the same plane.  A, A wooden wedge is applied to the foot with adhesive tape. B through D, The cast material is evenly applied over the synthetic foam in several layers. E, If deemed necessary, a straight dorsal splint may be incorporated into the cast.
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 A
 
 B
 
 C D Figure 17-21.  A, Two pieces of Gigli wire are attached to felt strips. The two ends are rolled up. B, The felt strips with the wire are applied medially and laterally to the padded limb. C, The cast is applied in routine fashion. The rolled-up ends of the wire are covered with tape at the end of cast application. D, At the time of cast removal, the ends of the wire are attached to the handles, and by slow sawing movements, the medial and lateral sides of the cast are severed apart. Finally, the two shells still connected at the sole are split dorsally and palmarly, allowing the limb to be removed from the cast. (Courtesy C. Lischer, Zurich, Switzerland.)
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 B).20 The wire should be long enough that some excess wire protrudes proximally and distally on either side of the leg. When the cast is finished, the excess wire is rolled up and placed underneath the elastic tape applied to this region (see Figure 17-21, C). Latex gloves must be worn when applying a fiberglass cast. The airtight packages of the fiberglass tape are opened immediately before application. The fiberglass tape is held with both hands, separating the free end from the rest of the material, before submerging it in the water.21 The fiberglass tape is held in water at about 21° to 27° C (70° to 80° F) for 5 seconds. During this time, the tape is squeezed four or five times to encourage complete penetration by water. The fiberglass tape is removed from the water dripping wet and immediately applied to the limb. Cast application is started at the foot and progresses in a proximal direction, overlapping at least half the width of the roll until the most proximal aspect is reached. After applying two layers at the top, the cast material is directed distally and applied evenly over the limb. As a rule, the cast bandages are applied in progression by continuing with the next bandage where the previous one ended. Changing direction during cast application is done by folding the cast material at one place and smoothing out the fold with the flattened hand. The newer materials adapt so well that in most cases directional changes can be carried out without folding the material over. Care should be taken to follow the contours of the limb and not to apply too much tension to the tape, which could interfere with circulation. After the first few layers of cast material are applied, the extra stockinette extending on top of the cast is folded distally and covered by the following layers of cast tape (see Figure 17-20). Fiberglass cast material is applied until the cast reaches a thickness of 7 to 8 mm ( 1 4 to 1 2 inch) throughout the total length of the cast. This requires four to six rolls of 12.7-cm (5-inch) fiberglass casting tape for a half-length cast in an adult horse and 10 to 12 rolls for a full-length cast. If deemed necessary, a straight splint, which could be an old hoof rasp or any similar type of material, may be incorporated into the cast on its dorsal aspect (see Figure 17-20, E). This splint should be covered with cast material to prevent accidental trauma to another limb. Such a splint would reduce the amount of cast material needed for a weight-bearing cast and is proposed only for preoperative support of phalangeal fractures. When sufficient cast material is applied, the cast is molded over its total length and the surface is smoothed out. It is important not to flex the joints under the cast from the time cast application begins until the cast has set. Most casts harden within 5 to 7 minutes after the final roll is applied. If the limb is cast in an extended position, a wedge should be incorporated in the cast under the heel (see Figure 17-20). The wedge permits weight to be applied over a greater surface than just at the toe. It is advisable to protect the bottom of the cast with a layer of hoof acrylic, a piece of old inner tube, or the bottom of a gallon plastic bottle taped to the bottom of the cast with nonelastic tape. To prevent foreign material, such as wood shavings or straw, from entering at the top of the cast and causing irritation, a collar of adhesive elastic tape should be loosely placed around the top of the cast and continued about 6 cm (2 1 4 inches) proximally up the limb. Casts applied with the limb in extension result in a longer limb than the ipsilateral counterpart. Therefore, the cast limb is
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 usually held in an extended or non–weight-bearing position. This may lead to continuous overload of the good limb, which increases the risk of foundering. It is advisable to tape a rubber pad to the ipsilateral foot and in so doing to lengthen it as well, preferably to the same extent as the cast limb. This comforts the patient and facilitates even weight bearing. Generally, hindlimb casts are applied in the same way as casts for the forelimb. The most likely areas for pressure sore development are the Achilles tendon and the dorsal aspect of the tarsus. It is advisable to attach a wedge to the sole of the foot to facilitate weight bearing and prevent upward fixation of the patella. The tarsal region presents an additional problem in a full-leg hind limb cast because of the reciprocal apparatus. Attempts of the horse to flex the hind limb in a full limb cast may cause the peroneus tertius tendon to avulse from its attachment or rupture in the tarsal region, allowing flexion of the stifle without flexion of the tarsus. Treatment of this problem is discussed in Chapter 97. Exercise should be limited for a horse with a cast. It is preferable to keep the horse in a cool environment to prevent excessive sweating under the cast. In this respect, fiberglass casts are superior to plaster casts because fiberglass casts are porous and dissipate heat from the body. It is advisable to palpate the cast every day, especially over possible pressure points. A localized area of increased heat, palpable through the cast, is an early sign of a developing skin ulcer. Sudden decreased use of the limb under a cast or increased lameness of the affected limb are signs of irritation under the cast. Another sign of such a problem is cast abuse through chewing, stomping, or rubbing. Swelling above the cast and/or a fetid odor usually signify a far more serious problem under the cast. Should any of these signs be noted, the cast should be changed or removed to alleviate the problem. Repairing a cast or making adjustments is rarely successful and is therefore not recommended.
 
 Cast Removal Removal of the cast with the horse under general anesthesia is usually uneventful. Removal of the cast while the horse is standing may be more complicated. In most cases, some degree of chemical or physical restraint is necessary to permit safe removal of the cast. If Gigli wires were incorporated into the cast, the ends can be freed up and connected to their handles, and with slow sawing motions the cast can be split in half (see Figure 17-21, D). If cast cutters are used, the cast should be grooved medially and laterally along its entire length to ensure the correct location of the cut. Then, the proximal aspect of the cast is cut completely through, down to the foam or orthopedic felt. This allows assessment of the thickness of the cast and gives the person removing the cast an indication of how deep to cut. Using excessive force may result in perforation of the underlying skin. When the proximal area of the cast is cut through, the rest of the cast should be cut by maintaining the blade at the same location until the cast is cut through completely before moving distally. Cutting through the entire thickness of the cast is appreciated by a little faster progression of the cast cutters, which should be anticipated by the person using the cast cutters and immediately reacted to by retracting the machine and reapplying it somewhat further distally. Dragging the cast cutter parallel to the limb when it rests on the
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 skin will promote skin lacerations. After the entire thickness of the cast has been cut through, the two portions of the cast tend to separate somewhat. The cast covering the foot should be split carefully, because the density of the hoof is similar to that of the cast, and it is often difficult to differentiate between them, resulting in inadvertent penetration of the hoof wall by the saw blade. Although a standing horse may object to such treatment, there will be no reaction to this in the anesthetized animal. When the cast is split into two half shells, a cast spreader is applied to widen the gap and allow transection of the adhering cast padding with scissors. The cast is removed and the limb is washed thoroughly. If radiographs are taken after cast removal, it is advisable not to wash the limb with soap containing iodine. After cast removal, the limb should be covered with a pressure bandage for some time to allow gradual relief of external pressure. Any sores that developed under the cast should be treated immediately using routine wound management. In selected cases, a bivalve cast is applied to the limb. This can be made on the standing and sedated horse or with the horse under general anesthesia. In either case, the padding of the cast is made somewhat thicker and usually consists of a thin bandage, which can later be changed at regular intervals. The cast is subsequently applied using routine technique. It is advisable to let it set for about a day before splitting it into two half-shells. After the bandage is changed, the two shells are reapplied and maintained in apposition by tightly wrapping the two half-shells with nonadhesive tape.
 
 Complications Cast complications may develop from an overly tight application, resulting in dermal pressure necrosis (which will damage deeper structures if undetected) or in an overly loose application. If the cast is too loose, the limb can shift in the cast, which may result in the development of skin pressure in areas not anticipated. Cast loosening may result from a decrease in the limb swelling, from muscle atrophy, or from compacting of cast padding materials. Application of too-short a half-cast may result in severe tendon injury, because the limb may be partially flexed, causing the top end of the cast to apply a considerable amount of linear pressure on the unprotected tendons. In a properly applied cast, the tendons are protected by the proximal
 
 ends of the vestigial metacarpal or metatarsal bones. Wear on the bottom of the cast will also cause the limb to shift within the cast, resulting in serious dermal pressure necrosis.
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 The concept of balanced general anesthesia is based on the theory that administration of a mixture of small amounts of several neuronal depressants summates the advantages but not the disadvantages of the individual components of the mixture. Therefore, with a combination of different drugs, desired effects are achieved and untoward side effects are minimized. In horses, longer procedures (more than 2 hours) are usually performed under inhalation anesthesia. All currently used inhalation anesthetics depress cardiopulmonary function in a dose-dependent manner.1,2 Hence, a minimal dose (just enough to induce unconsciousness) should be used, and analgesia and muscle relaxation should be provided by adding other drugs to the anesthetic protocol. In horses, maintenance of good intraoperative cardiopulmonary function followed by calm and coordinated anesthetic recovery is crucial. Therefore, balanced anesthetic techniques for horses should be directed at these two goals. This chapter provides an overview of the use of modern inhalation anesthetics in combination with sedatives, analgesics, and/or muscle relaxants. Table 18-1 lists the recommended dose regimens and the respective dose rates.
 
 ANESTHETIC RISK The fatality rate in horses undergoing general anesthesia is much higher than in companion animals or humans and varies between 1% and 0.1% depending on the study design.3-7 Horses undergoing colic or emergency surgery and horses undergoing fracture repair carry a several-fold increased risk compared to horses undergoing elective surgical procedures. Only a few risk factors can be influenced by the choice of anesthetic agent. Nevertheless, it is generally accepted that most equine fatalities are related to either poor cardiopulmonary performance during anesthesia or to fatal injuries during violent, poor-quality anesthetic recovery. Further studies investigating factors that might influence morbidity and mortality are necessary to determine drugs or anesthetic techniques that will improve outcome.
 
 MODERN INHALATION ANESTHETICS Inhalation anesthetics currently used in equine anesthesia include isoflurane (IsoFlo ad us. vet.), sevoflurane (Sevorane), and desflurane (Suprane). These drugs are usually used for maintenance of anesthesia. Their use for induction of anesthesia in foals is not recommended, because they are associated
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 with an increased fatality rate compared to intravenous drug induction.5 Modern inhalation anesthetics are less potent and less soluble than older agents, such as halothane (Halothane B.P.). Drug potency is represented by the minimum alveolar concentration (MAC), defined as the alveolar concentration of inhalation anesthetic that prevents movement in 50% of subjects in response to a noxious stimulus. Thus, the MAC of novel drugs is higher than that of the older drugs (halothane: 0.88%,8 isoflurane: 1.31%,8 sevoflurane: 2.31%,9 desflurane: 7.6%10). That means that with modern inhalation anesthetics, higher concentrations are needed to keep the horse anesthetized. The lower blood solubility of the modern inhalation anesthetics means that changes in anesthetic plane can be achieved more readily and onset or disappearance of clinical effects is faster. The quicker disappearance of clinical effects might influence recovery characteristics, which led to several studies comparing recovery following different inhalation anesthetics (see Chapter 21). Biodegradation of modern inhalation anesthetics is very low (isoflurane, sevoflurane, and desflurane are metabolized by the liver at a rate of 0.2%, 3% to 5%, and 0.02%, respectively)11 and probably does not influence recovery. In general, cardiovascular depression from inhalant anesthetics is dose dependent. Dose-dependent decreases in cardiac output, stroke volume, and blood pressure as well as respiration in spontaneously breathing horses are common. While cardiovascular variables between isoflurane and halothane MAC multiples were similar in one study, they were less depressed by isoflurane and sevoflurane than halothane in another.1,12 Under controlled ventilation, isoflurane causes less depression of cardiac output and stroke volume than halothane, and it causes similar changes in blood pressure. Vascular peripheral resistance decreases with isoflurane more than with halothane.12 Isoflurane, sevoflurane, and desflurane lower blood pressure as a result of decreased peripheral resistance and tend to cause less depression of cardiac output and contractility than does halothane. The effects of isoflurane and sevoflurane on cardiac output are very similar,1,13 and desflurane does not depress cardiac output at 1 MAC.2 Based on these findings, isoflurane, sevoflurane, and probably desflurane provide better tissue blood flow and therefore may be safer, especially in the critically ill patient. Halothane-anesthetized horses breathe at a faster rate than horses on isoflurane. The respiratory rate also decreases progressively with increasing doses of isoflurane or sevoflurane but less 219
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 TABLE 18-1.  Drugs Recommended for Reducing Minimum Alveolar Concentration in Combination with Inhalation Anesthesia, to be Administered Following Anesthesia Induction Drug Name
 
 Dose Rates
 
 Comments
 
 Lidocaine
 
 Bolus: 0.65-1.2-(2.5) mg/kg (over 15 min) followed by 25-50-(100) µg/kg/min
 
 α2-Adrenoceptor agonist   Medetomidine   Romifidine Ketamine S(+)-Ketamine
 
 Bolus for sedation before inducing anesthesia 3.5 (-5) µg/kg/hr 0.3 µg/kg/min 0.5-1 (-2) mg/kg/hr 0.5-1 mg/kg/hr
 
 Dose carefully in cardiovascularly compromised patients Toxic effects masked by anesthesia Prolonged use (more than 2 hrs) might result in ataxia during recovery; to reduce this, switch off 30 minutes before the end of anesthesia Increased urinary production, urinary catheter mandatory Smoother recoveries than with lidocaine or ketamine CRI can be used for several hours without accumulation Sympathetic stimulation Rough recoveries following prolonged use (more than 1.5 hrs), less with S(+)-ketamine; switch off infusion 15-20 min before end of surgery and sedate the horse during recovery to reduce this
 
 CRI, Constant-rate infusion.
 
 with halothane.1,12 Despite these differences, PaCO2 tends to be similar with all inhalant anesthetics, indicating similar minuteventilation with all of them. This is most probably the result of an increased tidal volume in horses receiving isoflurane or sevoflurane, to compensate for the slower respiratory rate and a smaller tidal volume in horses receiving halothane.
 
 DRUGS USED FOR BALANCED ANESTHESIA Lidocaine Lidocaine (Lidocain HCL 5%) has gained widespread popularity in equine inhalation anesthesia during the last decade to reduce the requirements for the volatile agents, in addition to its use perioperatively to improve gut motility or to provide analgesia. Lidocaine is highly metabolized by the liver and has a very short half-life.14 It has to be administered by constant-rate infusion (CRI). To achieve constant plasma levels within an acceptable time, an initial bolus has to be injected followed by CRI. A study conducted by Doherty and Frazier,15 who administered a bolus of lidocaine (2.5 mg/kg/min) to six experimental ponies followed by either saline or two doses of lidocaine, 50 µg/kg/ min or 100 µg/kg/min for 1 hr, revealed that lidocaine reduces MAC of halothane in a dose-dependent fashion. The same authors15 also stated that with these dose rates no steady state was achieved and that lidocaine plasma levels were very variable between 1 and 4 µg/mL with the lower infusion rate and between 3 and 7 µg/mL with the higher rate. Plasma levels less than 2 µg/mL had a minor effect on MAC (maximal effect 20% MAC reduction) whereas levels more than 5 µg/mL reduced MAC by 50% to 70%. In another clinical study that compared isoflurane-lidocaine anesthesia to pure isoflurane anesthesia, lidocaine was administered as a bolus dose of 2.5 mg/kg (given over 10 min) followed by 50 µg/kg/min in combination with isoflurane anesthesia and administered for 75 min. This resulted in an average MAC reduction of 25%. Plasma levels of 0.03 to 4.23 µg/mL were recorded without causing any untoward side effects.16 The horses in the lidocaine group recovered with less excitement from anesthesia.16 In contrast to this, following a similar anesthetic period, horses had significantly worse recoveries with lidocaine (125-minute infusion) in comparison to balanced anesthesia with medetomidine.17 Another clinical
 
 study that investigated the influence of lidocaine CRI on recovery from isoflurane or sevoflurane anesthesia showed that horses receiving lidocaine until the end of surgery had a significantly higher degree of ataxia and a tendency toward a lower quality of recovery.18 Therefore, this study recommended the discontinuation of lidocaine CRI 30 minutes before the end of surgery to reduce ataxia during the recovery period. In healthy awake horses, it has been shown that signs of lidocaine intoxication such as muscle tremors and ataxia occur at plasma levels as low as 1.85 to 4.53 µg/mL.19 Feary et al.20 showed in clinical cases undergoing routine arthroscopy that anesthesia with sevoflurane has a profound effect on lidocaine disposition. Lidocaine plasma levels were considerably higher during anesthesia than in awake horses. These authors recommended lower dosage rates in anesthetized horses than generally advocated because general anesthesia might mask neurologic manifestations of toxicosis. In another study that investigated the effects of lidocaine on small intestinal function and recovery after colic surgery, considerably lower dosage rates were used than in previous studies (0.65 mg/kg loading dose followed by 25 µg/kg/ min).21 Nevertheless these authors measured lidocaine plasma levels as high as 2.72 µg/mL in one horse and advocated prudent intraoperative dosing, especially in compromised patients. Contrary to this, Driessen reported in a retrospective clinical study the successful use of lidocaine in combination with isoflurane or sevoflurane in 25 horses undergoing colic surgery.22 A bolus of 1.5 mg/kg lidocaine was administered immediately before surgery and the infusion of 30 µg/kg/min was stopped when the surgeon started to close the abdomen. In this comparison, horses with lidocaine did not show worse recoveries than those without, and no signs of toxicity were noted. To summarize, a lidocaine bolus (0.65 to 2 mg/kg administered over 10 to 15 min) followed by CRI 25 to 50 µg/kg/min) can be used as part of a balanced anesthesia regimen in horses. It decreases MAC dose dependently. Higher dosage rates might induce toxicosis, especially in compromised patients with impaired cardiovascular function and thus reduced liver blood flow and metabolism. Toxicosis only becomes apparent after the effect of the inhalant anesthetic has vanished and might negatively influence recovery. Thus lidocaine should be administered with care and stopped 30 minutes prior to the end of
 
 anesthesia, to reduce the occurrence of ataxia and uncontrolled recoveries.
 
 α2-Adrenoreceptor Agonists α2-Adrenoreceptor agonists are potent analgesics, and they reduce MAC of inhalation agents dose dependently.23,24 Therefore, all available α2-adrenoreceptor agonists are commonly used for balanced anesthesia in horses. Boluses of α2adrenoreceptor agonists impair cardiopulmonary function considerably for 20 to 120 minutes at clinically used dosage rates.25,26 However, medetomindine is different in this regard. A bolus of medetomidine followed by a CRI results in a drop in heart rate and cardiac output for the first 10 minutes only.27 Throughout a 2-hour medetomidine infusion, heart rate and cardiac output do not differ from pre-sedation values.27 Among all available α2adrenoreceptor agonists being used for balanced anesthesia in horses, medetomidine has been investigated most intensively.27-32 Medetomidine’s high clearance rate and short half-life necessitate its use as a CRI to achieve a persistent effect.28 A CRI of medetomidine (3.5 µg/kg/hr) during experimental desflurane anesthesia in ponies decreased MAC by 28%.29 In 40 clinical patients, the use of medetomidine CRI (3.5 µg/kg/hr) in combination with isoflurane resulted in significantly reduced isoflurane requirements compared to isoflurane anesthesia alone.30 With medetomidine in this study, CRI adjustment of anesthetic depth was easier, requiring less additional drug to deepen anesthesia. Another clinical study applying balanced anesthesia in 69 cases that compared lidocaine/isoflurane (1.2 mg/kg bolus followed by 50 µg/kg/min) with medetomidine/isoflurane (7 µg/kg bolus for sedation prior to anesthesia induction followed by 3.5 µg/kg/hr throughout anesthesia) revealed that following a mean anesthesia time of 2 hours, recovery with medetomidine was longer but of better quality.17 Maintenance of anesthesia was also easier with medetomidine, and less additional drug had to be administered to maintain a stable plane of anesthesia. The cardiac index was higher in horses anesthetized with lidocaine/isoflurane, but this was related to very high cardiac index values in some horses that were insufficiently anesthetized rather than to depressed cardiovascular function with medetomidine/isoflurane. Contrary to this, an experimental study that compared the use of either lidocaine CRI or lidocaine in combination with medetomidine CRI showed no differences in cardiopulmonary function but better-quality recoveries when medetomidine was added.31 A retrospective study that reported the use of medetomidine/isoflurane anesthesia in 300 clinical cases with a mean anesthesia duration of 146 minutes (range: 40 to 420 min) outlines the safety of this drug combination in horses, with only 1 poor recovery reported.32 In comparison to other clinical studies, the incidence of hypotension or hypoxemia was similar or even lower. These authors emphasize that anesthesiologists need to be aware that judgment of depth of anesthesia is different from other inhalation anesthesia regimens.32 Under medetomidine/isoflurane anesthesia, eye reflexes are brisker. Only the appearance of nystagmus may serve as an indicator of insufficient depth of anesthesia. Further, α2-adrenoreceptor agonists and especially medetomidine increase urine production, and catheterization of the urinary bladder after induction of anesthesia is mandatory. The use of romifidine (Sedivet ad us. vet.) for balanced anesthesia was tested in a clinical study in 20 horses.33 All horses were premedicated with romifidine (80 µg/kg), and anesthesia
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 was induced with ketamine (3 mg/kg) and diazepam (0.1 mg/ kg). Ten horses were maintained under anesthesia with isoflurane only, and in the other 10 horses isoflurane was supplemented with 0.3 µg/kg/min of romifidine. Although horses with romifidine CRI needed less isoflurane, had sufficient spontaneous ventilation, and needed less dobutamine for maintenance of appropriate blood pressures, the results of this study should not be overinterpreted. There were two different anesthesiologists administering isoflurane to effect, and the duration of anesthesia was only 45 to 80 min. Furthermore, the impact of mechanical ventilation on cardiovascular function was completely neglected, even though ventilatory support was used only in some horses in the study group. A description of the recovery characteristics was also lacking in this study. Detomidine (Equisedan ad us. vet.) CRI for balanced anesthesia in combination with halothane was used in an equine study that also investigated the effect of neurectomy on cardiopulmonary function.34 Five horses were maintained on halothane in combination with detomidine, and four horses were maintained on halothane alone. Administration of detomidine began following anesthesia induction with a target-controlled infusion device that aimed at a plasma level of 25 ng/mL. Duration of detomidine administration was 1 hour 40 minutes to 2 hours 50 minutes and the average infusion rate was 0.18 µg/kg/ min. With halothane only, horses had higher heart rates, but otherwise no other differences between the groups concerning cardiopulmonary function or recovery were noted. In conclusion α2-adrenoceptor agonists reduce MAC by about 30%. With medetomidine CRI at a dosage rate of 3.5 to 5 µg/kg/hr, cardiopulmonary function is relatively well maintained, and large trials showed that recovery after medetomidine/isoflurane anesthesia is better than after lidocaine/isoflurane anesthesia, and in comparison with other regimens it seems to be generally of better quality. Data of balanced anesthesia including other alpha2-agonists is limited.
 
 Ketamine The currently licensed form of ketamine is a racemic mixture containing 50% S-ketamine and 50% R-ketamine. Ketamine (Narketan 10 ad us. vet.) is a dissociative agent, which in systemically healthy horses induces analgesia, amnesia, and immobility without depressing cardiovascular function. On the other hand, there is some sympathetic stimulation, which might help to maintain cardiovascular function in combination with inhalation anesthesia. Respiratory function is only minimally impaired by ketamine. These properties make ketamine an ideal agent for balanced anesthesia in horses. During inhalant anesthesia, ketamine has been administered in incremental intravenous doses (0.1 to 0.2 mg/kg) or as a CRI. Muir and Sams35 investigated ketamine’s halothane-sparing effects by continuously administering the drug at several infusion rates while administering halothane in oxygen at different concentrations. The authors found halothane reduced MAC by up to 37%, and cardiopulmonary function was better in horses with ketamine-halothane in comparison to only halothane. Another study investigated ketamine in combination with isoflurane.36 With a target controlled-infusion pump, the investigators aimed at an arterial concentration of S-ketamine (Keta-S ad us. vet.) of 1 µg/mL. The initial ketamine loading dose was approximately 0.3 to 0.4 mg/kg IV followed by a linearly decreasing infusion rate beginning at 9 mg/kg/hr and eventually reaching 5 mg/kg/hr. At these infusion rates,
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 ketamine was found to decrease nociception during isoflurane anesthesia in a more pronounced fashion than when the inhalant anesthetic was used alone. Unfortunately, ketamine as well as its metabolites exhibit undesirable excitatory central nervous system effects. Following prolonged ketamine infusions (more than 1 to 2 hours) or repetitive IV boluses, horses might show those side effects. Ketamine can provoke emergence reactions during the anesthetic recovery period characterized by muscle tremor and rigidity, mydriasis, oculogyric movements, sweating, excitation, ataxia, and schizophrenia-like behavior that can turn into a fatal event in horses.35,37 These phenomena are related to the plasma concentration of the drug, the length of drug infusion, and the concurrent formation of S-norketamine.38 To minimize such reactions, ketamine infusions can be reduced progressively and/ or be stopped 15 to 20 minutes before the end of the procedure, and patients should receive additional post-anesthetic sedation with alpha2-adrenoceptor agonists.39 Another option to reduce such unwanted reactions is to use S-ketamine, which has been used mostly under clinical circumstances instead of the racemic ketamine. S-ketamine has been tested in a study in horses undergoing elective arthroscopy.40 Following xylazine (Xylazin Streuli ad us. vet.) injection (1.1 mg/kg), S-ketamine was administered (1.1 mg/kg IV) and anesthesia was subsequently maintained with a CRI of S-ketamine (0.5 mg/kg/hr) in conjunction with isoflurane in oxygen. This balanced anesthesia regimen resulted in better quality of anesthetic recovery than when horses received twice the dosage of racemic ketamine, especially when the anesthetic episodes lasted for more than 2 hours. Similarly, Filzek et al. found that guaifenesin (Myolaxin 15% ad us. vet.)–S-ketamine–xylazine combinations provided better recovery qualities than guaifenesin–racemic ketamine– xylazine combinations in horses undergoing castration.41 In a clinical study in 50 horses, balanced anesthesia with S-ketamine and isoflurane resulted in better cardiovascular function than with medetomidine and isoflurane but worse recovery scores.42 Dissociative anesthetics preserve some reflexes usually used to evaluate anesthetic depth, such as swallowing or eye blinking, and thus horses undergoing balanced anesthesia with ketamine may not seem to be at an adequate surgical plane.37 Therefore, special attention should be given while evaluating these patients to avoid drug overdosing. Also, sympathomimetic effects of ketamine may impair judgment of anesthetic depth. Increases in heart rate and/or arterial blood pressures should be considered indicators of an inadequate plane of anesthesia only if they are associated with surgical stimulation. Thus, if ketaminebased balanced anesthesia protocols are chosen, one may better use other parameters such as respiratory rate in spontaneously breathing horses, muscle relaxation, and absence of nystagmus to evaluate adequacy of depth of anesthesia for surgical procedures. The presence of reflex activity can be disturbing when performing surgery in the upper airway or ophthalmologic procedures. It has therefore been suggested to avoid ketamine for such procedures.43 In conclusion, low-dose IV infusions or repetitive boluses of racemic ketamine or S-ketamine might be beneficial when administered in conjunction with other anesthetic agents. This applies in particular to horses in need of additional analgesia and/or improved hemodynamic function. When racemic ketamine is used, the additional boluses should not exceed 2 mg/ kg, and a CRI (1 mg/kg/hr) should not be used for anesthesia exceeding 90 to 120 minutes, to avoid violent recoveries. CRI
 
 should be discontinued 15 to 20 minutes prior to transferring the patient to the recovery stall. Administration of an α2adrenoceptor agonist before emergence from anesthesia is highly recommended.
 
 Opioids The intraoperative use of opioids as part of a balanced anesthesia regimen has not yet gained widespread popularity in horses, contrary to other species and humans. Their effect is debated by many authors. Several experimental and clinical studies have tried to determine the influence of opioids on MAC.44-49 Morphine (Morphin HCl sintetica 10 mg), butorphanol (Alvegesic 1% forte ad us. vet.), or alfentanil (Rapifen) did not consistently reduce MAC.44-46 Individual horses within each study showed either an increase in MAC, a decrease, or no change at all. Individual horses recovered violently from anesthesia, showing signs of central nervous excitement, especially when high doses of opioid agonists were used.46 The use of naloxone (Narcan) did not prevent this excitement during recovery.46 A clinical study tested the use of a bolus of morphine (0.15 mg/kg) followed by infusion of the drug (0.1 mg/kg/hr) in comparison to halothane anesthesia alone.47 No significant differences between the groups were identified. The same authors also tried to show a beneficial effect of morphine on recovery from anesthesia but were unable to do so.48 Morphine’s influence on MAC of halothane was also tested when administered concurrently with xylazine.49 The results of this study indicate that xylazine reduces inhalant anesthetic MAC but morphine does not enhance this effect any further. In one study, the isoflurane MAC-sparing effects of fentanyl, dosed based on previously determined pharmacokinetic data in individual horses, were tested.50 It was concluded that there may be a therapeutic dosage range of fentanyl that consistently decreases MAC, even though with the different plasma levels that were tested some horses showed an increase in MAC and others showed a decrease or no change at all. Furthermore, in the same study,50 two horses needed active cooling with ethanol to maintain their body temperature below 38.6° C and one of eight horses showed a violent recovery during which it frantically attempted to circle in both directions, falling over several times. This observation is in agreement with studies in awake horses. A recently published retrospective study showed that butorphanol deepened anesthesia when administered in conjunction with isoflurane and that sympathetic stimulation caused by surgery was blunted when butorphanol was used.51 The fact that opioids when used for balanced anesthesia reduce propulsive gastrointestinal motility52 and may slow respiration needs to be considered.46 In conclusion, only very few studies support the regular preor intraoperative use of opioids for MAC reduction in horses. Nevertheless, it is advisable to administer 0.1 mg/kg morphine at the end of every anesthesia to provide some additional analgesia. This results in a smoother recovery with no untoward effects.
 
 Centrally Acting Muscle Relaxants Guaifenesin Formerly known as glyceryl guaiacolate, guaifenesin is used as an adjunct to balanced anesthesia in horses to induce muscle
 
 relaxation. Guaifenesin has a wide margin of safety and sedative properties that can potentiate other sedative drugs.53 It provides good relaxation of laryngeal and pharyngeal muscles, allowing easier intubation, and also produces relaxation of skeletal muscles. Clinical dosages (in the range of 100 to 150 mg/kg) do not affect diaphragmatic function, preserve respiratory function, and exert no significant effect on cardiac output and arterial blood pressure.54 Whether guaifenesin has mild analgesic properties in horses is still under debate. For this reason, the use of guaifenesin as the only adjuvant to inhalation anesthetics is not advised. Spadavecchia et al. combined guaifenesin (1 to 0.3 mg/kg/ min) with ketamine (39 to 13 µg/kg/min) to reduce the required halothane dosage in horses that were presented for a variety of surgical procedures, including emergencies.39 The combination of these two drugs resulted in a more stable surgical anesthesia compared with halothane alone, with fewer episodes of patients moving in response to surgery. The quality of recovery was acceptable and similar to horses receiving halothane alone. Similarly, infusions of ketamine/guaifenesin or ketamine/ guaifenesin/romifidine facilitated a reduction in isoflurane dosages in horses undergoing various surgical procedures and resulted also in more stable and better cardiovascular performance than when isoflurane was used alone.55 The authors attributed these observations to the anesthetic-sparing effects and the analgesic properties of the drug combination. Infusion of guaifenesin, ketamine, and medetomidine to horses anesthetized with sevoflurane resulted in better transition and maintenance phases while improving the cardiovascular function and reducing the attempts needed to stand up during the recovery phase, compared with inhalation of sevoflurane alone.56 Thrombophlebitis can occur especially with solutions containing 10% guaifenesin, and hemolysis has been reported after administering IV solutions containing a concentration greater than 10% of guaifenesin.57,58 In conclusion, although the effect of guaifenesin alone on MAC has never been quantified, and neither have its analgesic properties, this drug can be added to balanced anesthesia protocols because it improves muscle relaxation. Administration to horses at risk of thrombophlebitis is not recommended. Benzodiazepines Traditionally, benzodiazepines (such as midazolam [Dormicum]) have been used in equine anesthesia to reduce the muscle contraction produced by ketamine, especially during the induction phase of anesthesia. Water-soluble benzodiazepines have been incorporated in balanced anesthesia protocols in an attempt to potentiate muscle relaxation and to reduce the dose of volatile agents required to maintain a surgical plane of anesthesia.59 Controversy exists with regard to their analgesic effects. Although literature on the pharmacologic properties of benzodiazepines did not consider them as being analgesics, more recent studies provide some evidence to suggest that they might enhance the analgesic properties of co-administered drugs.60 Kushiro et al. administered CRI of ketamine, medetomidine, and midazolam to six horses undergoing a 4-hour surgery twice at an interval of 1 month.60 The horses were mechanically ventilated and received sevoflurane in oxygen. With this drug combination, cardiovascular function was well preserved and sevoflurane delivery could be reduced to an end-tidal concentration of 1.7%, which is lower than the MAC value (2.3%)
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 reported in horses.61 In these horses, recovery from anesthesia was uneventful, although ataxia was recorded for 15 to 20 minutes after standing, and an assisted recovery technique with use of head and tail ropes was advised. To minimize the postanesthetic ataxia induced by benzodiazepines, it has been suggested to antagonize their effects by administration of specific benzodiazepine antagonists, such as sarmazenil (Sarmasol).37 In conclusion, water-soluble benzodiazepines can be administered together with α2-adrenoceptor agonists or ketamine to enhance muscle relaxation. Their role as analgesic co-adjuvants remains to be determined. Antagonization with a specific antagonist at the end of the anesthesia is advised to reduce the risk of postoperative ataxia.
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 The use of inhalation anesthesia is generally limited to larger clinics because of equipment costs, the requirement for an oxygen source, and the need for a scavenging system for waste gases. There is also strong evidence that inhalant techniques are associated with a higher mortality rate in horses (see
 
 Chapter 18). Therefore, the use of safe intravenous anesthesia techniques in practice is both desirable and advantageous.  The most important features of intravenous protocols are a smooth, excitement-free induction phase with a slow lowering of the body into sternal and lateral recumbency, minimal
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 cardiopulmonary depression, no reactions to surgical stimuli, and a calm recovery with a single attempt to stand and minimal ataxia. Other factors include good muscle relaxation and analgesia, as well as the possibility to assess depth of anesthesia and to modify depth and duration of anesthesia in a quick and predictable manner. Injectable anesthetic combinations are currently used for anesthesia induction and for short, minor surgical procedures up to 30 minutes. Longer surgeries are performed with intravenous anesthesia induction followed by inhalation, or less commonly by total intravenous anesthesia (TIVA). Features of short-duration injection anesthesia are discussed separately from long-duration (anesthetic duration more than 30 minutes) TIVA. Anesthetics discussed in this chapter include ketamine and propofol and useful combinations of these two drugs. Unfortunately there are only very few recent reports that further investigated these drugs or new combinations. The only new drug in equine intravenous anesthesia is alphaxalone (Alfaxan 10 mg/mL). Its first use in horses has been reported in anesthesia conferences.1,2 Further clinical studies are necessary to determine whether this drug has advantageous properties compared to the currently used injectable anesthetics. Older agents, such as barbiturates, chloral hydrate, and drugs suitable for the anesthesia of wild Equidae, such as Immobilon (etorphineacepromazine), will not be discussed.
 
 SHORT-DURATION INJECTION ANESTHESIA For anesthesia induction, ketamine (Narketan 10 ad us. vet.), tiletamine/zolazepam (Zoletil ad us. vet.), or propofol (Propofol 1% MCT Fresenius) can be used. Adult horses must be adequately sedated before anesthesia induction with a calculated dosage of the selected drug. Only in very young foals and in recumbent, severely compromised horses can anesthesia be induced with administration of an anesthetic to effect. For compromised horses, a mixture of equal volumes of diazepam (Valium 5mg/mL) and ketamine (100 mg/mL) represents a  safe method for anesthesia induction and usually requires 1 mL/25 kg of the mixture (0.1 mg/kg diazepam plus 2 mg/kg ketamine). This protocol avoids the cardiovascularcompromising side effects of α2-agonists. In foals, the administration of propofol to effect is a good alternative (see Chapter 20).
 
 Ketamine Ketamine is the most widely used drug for anesthesia induction in horses. It provides good, mainly somatic analgesia without inducing hypnosis. However, it is not suitable as a sole  agent because it may cause seizure-like activity and muscle  rigidity. Appropriate sedation with α2-agonists and/or acepromazine (Prequillan), eventually in combination with opioids, prior to anesthesia induction is very important.3-16 In a stressed, not well-sedated horse, ketamine does not result in a satisfactory quality of anesthesia. The addition of such drugs as guaifenesin (Myolaxin 15% ad us. vet.) or benzodiazepines (diazepam or midazolam [Dormicum]) will further improve muscle relaxation.17-23 Guaifenesin is a safe drug with minimal side effects at clinical dosages. It should be used as a 5% (50 mg/mL) solution, because higher concentrations are associated with significant irritation of the veins and intravenous hemolysis.24
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 Guaifenesin is administered to the sedated horse to effect (preferably under pressure, because effective dosages are large: 50 mg/kg, or 500 mL for a 500-kg horse). When the horse begins to buckle at the knees, the induction drug, most commonly ketamine (2 mg/kg), should be administered. Benzodiazepines can be used instead of guaifenesin and can be given together with ketamine without causing irritation of the vein. Depending on the dosage used, these drugs may increase the respiratory depression caused by ketamine. To reduce the risk of apnea (under field conditions where respiratory support is not available) and ataxia during recovery,  low dosages of benzodiazepines (0.02 to 0.04 mg/kg diazepam or midazolam IV) are advocated. For anesthesia induction  followed by inhalation anesthesia, higher dosages (up to 0.2 mg/kg IV) can be used and will facilitate intubation. Mechanical ventilation will counteract respiratory depression. To guarantee adequate muscle relaxation in the field where low dosages of benzodiazepines should be used, very deep sedation with relatively high dosages of α2-adrenoceptor agonists, such as xylazine (Xylazin Streuli ad us. vet.), detomidine (Equisedan ad us. vet.), or romifidine (Sedivet ad us. vet.), is recommended. A recent study investigated the effect of a bolus of 3 mg/kg lidocaine in ponies anesthetized with xylazine/ketamine for castration.25 The use of lidocaine did not reduce the need for top ups with xylazine/ketamine for maintenance of unconsciousness and recumbency during castration. Only time-tostanding was prolonged by lidocaine (Lidocain HCl 2%), indicating an analgetic effect of this drug. The significance of this for clinical practice remains to be tested. Ketamine is a safe anesthetic for horses. Properly sedated, undisturbed horses will slowly sink into sternal and then lateral recumbency. Recovery at the end of anesthesia is usually quick and coordinated.3-16 Respiratory depression is minimal. Ketamine’s sympathomimetic action is ideal to counteract the bradycardia and hypotensive effects of the drugs used as sedatives.26 For example, xylazine has been shown to have only minimal influence on cardiovascular function in combination with ketamine in the horse.9 Because the eyes remain open and the reflexes are only minimally depressed, the assessment of anesthetic depth is difficult and requires some familiarization time. Movements as a result of awakening may occur very suddenly and may be of a strong nature. Preferably, administer ketamine in healthy horses according to a fixed time scheme rather than to effect (Table 19-1).
 
 S(+)–Ketamine The currently licensed form of ketamine is a 50 : 50% racemic mixture of the S(+) and the R(−) enantiomers. The S(+)-ketamine (Keta-S ad us. vet.) is the active compound, and several studies have tested its use in horses.27,28 At a dosage rate of 50% to 66% of the racemic ketamine the effects were similar to the racemic ketamine. Recoveries were smoother and of better quality when S(+)-ketamine was used in combination with xylazine28 administered as boluses (xylazine 0.5 mg/kg, S[+]-ketamine 0.5 mg/kg) every 10 minutes for 50 minutes to perform castration. S(+)-ketamine given as a constant rate infusion (0.5 mg/kg/hr) in combination with inhalation anesthesia also resulted in better recoveries than the racemic ketamine at double the dosage rate.27 Other effects were identical.
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 TABLE 19-1.  Protocols for Use of Ketamine for Short Surgical Procedures Sedation
 
 α2-AGONIST
 
 Duration of Anesthesia
 
 Anesthesia Induction
 
 Prolongation
 
 MUSCLE RELAXANT  AND ANESTHETIC
 
 Administer slowly to effect; wait 5 (xylazine)-10 (others) min
 
 Xylazine 0.5)-  1 mg/kg IV
 
 Either guaifenesin Ketamine   25-50 mg/kg IV 2 g/kg IV Administer under pressure before ketamine to effect (until horse starts to become wobbly)
 
 Combine with butrophanol (0.02 mg/kg) or methadone (0.1 mg/kg to increase sedation
 
 or detomindine 20-(40) mcg/ kg IV or benzodiazepine 0.02-(0.2) or romifidine (80)-100 mcg/ mg/kg IV (diazepam, kg IV midazolam, climazolam) administer together with ketamine
 
 Administer (IM) detomindine or romifidine to uncooperative horses
 
 Tiletamine Tiletamine is a drug similar to ketamine, and both are classified as dissociative agents. Tiletamine is commercially available as a powder in a fixed (1:1) combination with zolazepam, a benzodiazepine, and it is reconstituted with sterile water immediately before use. It has been used in horses and other Equidae at dosage ranges of 1.1 to 1.65  mg/kg IV after sedation with α2-adrenoceptor agonists.29-33 Depending on the dosage selected, the recumbency time was considerably longer than with ketamine combinations, and respiratory depression  was more pronounced. Ataxia during recovery was more accentuated than with ketamine, with horses making several attempts to stand up. These features make this combination less  desirable than xylazine-ketamine, especially under field conditions.
 
 Propofol Propofol is a short-acting anesthetic that provides very good hypnosis and muscle relaxation but poor analgesia. It is not suitable as a sole agent in adult horses because anesthesia inductions are unpredictable, and the large volumes required make it impractical and prohibitively expensive.34 Propofol has been used mainly after sedation with α2-adrenoceptor agonists under experimental conditions.35-38 Only a few investigations have looked at propofol in clinical patients.39-41 Some authors were happy with propofol as an induction agent.39 Others reported that the quality of anesthesia induction in individual horses was “not ideal” or “unacceptable.”40,41 It was hoped that slow administration of propofol would smooth anesthesia induction, but other factors, such as respiratory depression and lack of inherent analgesia in addition to cost, have prevented
 
 Ketamine 2 mg/kg IV
 
 10-25 min Xylazine-ketamine: Duration of half the initial anesthesia tends dose of each to be longer drug every with detomidine 10 min or romifidine sedation Ketamine: 0.5-1 mg/kg every 10 min Shorter duration following in stressed, detomidine or nervous animals romifidine sedation Triple drip (see Table 19-2)
 
 widespread use of propofol for anesthesia induction and its maintenance during short surgical procedures.40 In the neonatal foal, the use of propofol administered to effect for anesthesia induction (approximate dosage, 2  mg/kg IV) is, however, a good alternative to ketamine; the duration of action of propofol is short and not dependent on liver function. Relaxation is better and thus endotracheal intubation is easier than with ketamine. Propofol is contraindicated in  hypotensive foals, because it will further compromise these patients. For additional information on foal anesthesia, refer to Chapter 20.
 
 TOTAL INTRAVENOUS ANESTHESIA OF GREATER THAN 30 MINUTES’ DURATION Table 19-2 summarizes drugs and dosages suggested for maintenance of anesthesia with TIVA in horses. In modern equine practice, TIVA of longer duration is  commonly maintained with constant infusions of the so-  called triple-drip (ketamine–guaifenesin–α2-agonist), ketamineclimazolam (Climasol ad us. vet.), or propofol in combination with various drugs. Ketamine combinations can be safely used for up to 1.5 hours to perform minor surgeries under clinical practice conditions. A recumbent horse breathing air will, however, become hypoxic. To prevent complications associated with hypoxia during procedures of 30 minutes or longer, inspired air should be supplemented with oxygen (15 L/min, via a nasal or endotracheal tube). If the duration of anesthesia exceeds 2 hours, ketamine should not be used, because it produces active metabolites that are eliminated very slowly and thus influence the recovery period negatively.42,43
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 TABLE 19-2.  Dosage Regimens for Maintenance of Ketamine-Based TIVA in Horses Technique
 
 Drugs
 
 Approximate Dosage
 
 Comments
 
 Triple drip
 
 500 mL guaifenesin 10% + 1 g ketamine + 10 mg detomidine 500 mL guaifenesin 5% + 650 mg ketamine + 325 mg xylazine 500 mL guaifenesin 5% + 500 mg ketamine + 250 mg xylazine Ketamine + climazolam
 
 1 mL/kg/hr
 
 Even higher dosage during initial 10-15 min; try to reduce dosage rate after 1 hr of infusion
 
 0.1 mg/mL medetomidine + 40 mg/mL ketamine + 0.8 mg/mL midazolam
 
 0.1 mL/kg/hr
 
 Ketamine-climazolam Medetomidine-ketaminemidazolam
 
 2 mL/kg/hr
 
 2.75 mL/kg/hr 6 mg/kg/h + 0.4 mg/kg/hr
 
 Ketamine–Guaifenesin–α2-Adrenoceptor Agonist (Triple-Drip) The triple-drip drug combinations are the most widely used for TIVA. Cardiovascular and respiratory depressions are minimal, and these combinations have been successfully used to perform major surgical procedures as well as to prolong field anesthesia in a relatively controlled manner.44-47 The use of triple-drips should be restricted to procedures of up to 2 hours in duration, not only because of the cumulative effects of metabolites of ketamine but also because large doses of guaifenesin may result in severe ataxia during recovery. Anesthetic induction performed prior to triple-drip anesthesia should not include guaifenesin, so that the total amount of guaifenesin given to the individual is as low as possible. A suitable induction technique is xylazine followed by ketamine. Another successful protocol tested by Mama et al. applies xylazine, guaifenesin, and ketamine and maintains anesthesia with only xylazine and ketamine at various dosage rates.48 The horses went through a good to excellent recovery phase but took relatively long (mean times to standing, 46 to 69 minutes) following anesthesia durations of 66 to 73 minutes. During painful procedures, analgesia should be provided with local anesthesia or the inclusion of opioids, such as butorphanol (Alvegesic 1% forte ad us. vet.) or morphine (Morphin HCl sintetica 10 mg).
 
 Ketamine–Midazolam–α2-Adrenoceptor Agonist Because guaifenesin is not available in some countries, some authors have tried to replace the guaifenesin with midazolam (Dormicum). A protocol using medetomidine (Dorbene) for sedation and ketamine (2.5  mg/kg IV) and midazolam (0.04  mg/kg IV) for anesthesia induction was followed by a mixture containing 0.8  mg/mL midazolam, 40  mg/mL ketamine, and 0.1  mg/kg medetomidine at a rate of about 0.09  mL/kg/hr for maintenance of anesthesia was used satisfactorily for castrations lasting 38 ± 8 minutes.49 Whether this protocol is useful for longer-duration surgeries remains to be tested.
 
 Better relaxation than with preceding mixes (because guaifenesin dose is higher); more ataxia during recovery 20 minutes after the end of infusion, sarmazenil 0.04 mg/kg must be given IV to prevent ataxia Tested for anesthesias up to 60 mins; sarmazenil 0.04 mg/kg can be given IV to prevent ataxia in recovery
 
 Ketamine-Climazolam The infusion of climazolam (a long-acting benzodiazepine) together with ketamine causes less cardiovascular depression than triple-drip techniques.19,50 Because climazolam causes severe ataxia, its action has to be reversed with sarmazenil (Sarmasol) for recovery. Analgesia is sufficient to perform superficial surgeries causing somatic pain. To provide adequate analgesia for visceral procedures, local anesthesia or additional analgesia (opioids, α2-agonsits) must be administered.
 
 Propofol In contrast to ketamine, propofol is an ideal anesthetic for prolonged TIVA. It possesses a short context-sensitive half-life, permitting rapid recovery.42 It has been used in combination with different α2-adrenoceptor agonists, guaifenesin, ketamine, and opioids.40,41,51-54 In combination with medetomidine, anesthesia was maintained for up to 4 hours, and major surgical interventions could be completed successfully. Although recovery was uneventful and relatively quick in all reports, problems, mainly of a respiratory nature (apnea and severe respiratory acidosis) and the relatively high cost of propofol have prevented widespread use of propofol in clinical practice. It offers no major advantages over commonly used inhalation anesthetic protocols, which represents an additional reason for its limited use.
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 Anesthesia and Analgesia for Foals Bernd Driessen
 
 Foals are born after a gestation period of approximately 11 months (335 to 342 days)1 and birth takes place quickly, consistent with the status of a horse as a prey and flight animal. Unlike many other species, the foal is developmentally much more mature at the time of birth, reaching the status of a juvenile physiologically within 6 to 8 weeks of life.2 Based on physiological parameters, anesthesiologists may classify foals from birth to 1 month of age as neonates and as pediatric and then juvenile animals when they are 1 to 3 and 3 to 4 months old, respectively. They may be treated anesthesiologically like young adults when they have acquired mature cardiopulmonary function and metabolic pathways at 4 to 5 months of age.2,3 Foals may require deep sedation; local, regional, or general anesthesia; and analgesia care for a variety of reasons, most commonly for abdominal, urogenital, traumatic, orthopedic, endoscopic, and diagnostic imaging procedures. In 1995, the overall perioperative mortality rate for equine patients under 1 year of age was reported as high as 1.9%, which was higher than the rate reported for the general horse population.4 However, recent data indicate that the perianesthetic mortality rate can be reduced to 0.2% or less, similar to that reported in adult horses,5 provided anesthetic techniques and analgesic regimens applied are tailored to the developmental stage and the specific needs of the individual foal.
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 PHYSIOLOGICAL AND PHARMACOLOGICAL CONSIDERATIONS AS THEY RELATE TO ANESTHESIA IN THE NEONATAL AND MATURING FOAL In the first days and weeks of life, the newborn foal undergoes major physiological changes that will affect almost all organ systems and functions, including circulation, respiration, oxygen (O2) and nutrient delivery and consumption, central and peripheral neuronal activity, cell and organ metabolism, thermoregulation, and immune system activity. Administering safe anesthesia in the foal requires a thorough understanding of those changes, which are summarized in Table 20-1.
 
 Cardiovascular System Transition from Fetal to Neonatal Circulation In mammals, the most dramatic change in cardiovascular function occurs at birth with the transition from fetal to neonatal circulation.6 The primary function of the circulatory system of both the fetus and newborn is to deliver O2 and nutrients to metabolizing organs and return deoxygenated blood to the gas exchange organ to replenish the O2 and eliminate waste products including carbon dioxide (CO2). In the fetus, the gas exchange organ is the placenta, and its vascular connections are
 
 TABLE 20-1.  Most Relevant Aspects of Foal Physiology that Affect Anesthetic Management System
 
 Neonate (1 Month or Younger)
 
 Pediatric/Juvenile Foal (1-4 Months )
 
 Cardiovascular
 
 Transition from fetal to neonatal circulation Risk of return to fetal circulation HR-, not SV-dependent cardiac output Low systemic vascular resistance Maturation of pulmonary microanatomy, neuromuscular control, compliance, surfactant production High RR-dependent Vmin, low VT High O2 consumption but low PaO2 Immature central, autonomic, and peripheral nervous system function Higher BBB permeability High ECF compartment, CBV, CPV Low glycogen reserves No fiber intake High body surface area (heat loss) Maturing liver function in first 3-4 wks Immature Reduced concentrating ability Physiologic anemia Gradual increase in WBC Elevated serum enzyme activities
 
 More SV-, less HR-dependent cardiac output Increasing systemic vascular resistance
 
 Respiratory
 
 Nervous Metabolism and tissue composition Hepatic Renal Hematology and biochemistry
 
 Respiratory function Higher Vmin and RR with normal VT Close to normal PaO2 Matured central, autonomic, and peripheral nervous system function Close to adult BBB permeability Higher ECF but close to adult CBV and CPV Larger glycogen reserves Increasingly more fiber intake Overall close to mature Overall mature Normalizing PCV Adult WBC Elevated serum enzyme activities
 
 BBB, Blood-brain barrier; CBV, circulating blood volume; CPV, circulating plasma volume; ECF, extracellular fluid volume; HR, heart rate; PaO2, arterial oxygen tension; PCV, packed cell volume; RR, respiratory rate; SV, stroke volume; Vmin, minute ventilation volume; VT, tidal volume; WBC, total white blood cell count.
 
 229
 
 230 
 
 SECTION III  RECENT ADVANCES IN ANESTHESIA
 
 in a parallel arrangement with the other systemic organs, remote from the pulmonary circulation. To supply deoxygenated blood to the placenta and return oxygenated blood to systemic organs, a series of extracardiac shunts (ductus venosus, patent ductus arteriosus) and an intracardiac communication (foramen ovale) are necessary. At birth, the function of gas exchange is transferred from the placenta to the lungs, and therefore from the systemic circulation to the pulmonary circulation. The venous and arterial circulations are now separated, and not only are the fetal shunts unnecessary, but their persistence may compromise circulatory functions. Therefore, transition from fetal to neonatal circulation includes elimination of the placental circulation; lung expansion and increase in pulmonary blood flow; and closure of the foramen ovale, ductus arteriosus, and ductus venosus. Closing of those pathways does not occur immediately at birth and thus right-to-left shunting may continue and murmurs consistent with a patent ductus arteriosus may be auscultated in normal foals during the first 3 to 5 days of life,7 with partial reopening possible up to the moment of complete fibrosis of those pathways, which occurs within 2 to 3 weeks.8 As part of the transition from fetal to neonatal circulation, the left ventricular wall increases in thickness in parallel with a rise in systemic vascular resistance, reflecting the shift from the physiological right ventricular hypertrophy during fetal life to the physiological left ventricular hypertrophy in postnatal life.9 An understanding of fetal hemodynamics and the acute and chronic changes that occur with transition to the newborn circulation are important for the care of normal newborns and are crucial to the recognition and management of a newborn with significant congenital heart disease or transient hemodynamic changes that may occur during general anesthesia and trigger a reversal to conditions of fetal circulation. Hemodynamic Function Cardiac output (CO) is defined as the amount of blood ejected by the heart per minute and is calculated as the product of heart rate (beats per minute) and stroke volume (mL). It is the most appropriate index of overall cardiovascular function and, when normalized to body weight, is referred to as cardiac index (CI,
 
 mL/min/kg). Fullfilling the needs of metabolically highly active organs and tissues during the early postnatal life, CI in resting foals up to 2 to 3 months of age is markedly higher when compared to adults and primarily rate-dependent (Table 20-2).10-14 If CO is adjusted for metabolic size (0.75/kg),11 the average CI in foals is approximately twice that of adults but the average stroke volume index 30% less.7,15 Therefore, the normal heart rate of a resting equine neonate is significantly higher to maintain higher CO (see Table 20-2).16,17 It is in this early period of life that any drug with heart rate–decreasing properties like α2adrenoceptor agonists may compromise hemodynamic function to an extent that the neonate cannot tolerate.3,7 From 4 months of age onward, heart rates reach close to adult values and remain relatively stable throughout the remainder of the first year.18 Mean systemic arterial blood pressure is substantially lower in the early days of life but pulse pressure amplitude is higher in the neonate compared to the adult owing to a lower vasomotor tone and hence systemic vascular resistance (see Table 20-2).7,10,11,13,14 By 1 month of age, foals tend to have a lower CI and heart rate (see Table 20-2) but a larger stroke volume, and their mean arterial pressure increases during this period because of a marked increase in vascular resistance indicative of the maturing sympathetic branch of the autonomic nervous system.7
 
 Respiratory System It is pertinent for every anesthetist to appreciate that any impairment of respiratory function, whether caused by sedative, analgesic or anesthetic drugs, recumbency and positioning, or surgical/diagnostic interventions, may severely compromise vital functions of the newborn. At birth, neither neuromuscular control of ventilation nor the lung itself is fully developed in foals.7,15,19-21 Pony lungs are microanatomically more mature at birth than horses’ lungs,21 but still sufficient surfactant production is lacking and gas exchange occurs across terminal air spaces and more primitive alveoli.8 Compliance of the chest wall is large in the neonate but lung elasticity is decreased.8 Therefore, functional residual capacity (FRC), which is the gas
 
 TABLE 20-2.  Hemodynamic, Respiratory, and Acid-Base Parameters in Normal Awake Foals Compared to Adults* Age Parameter
 
 1-3 days
 
 HR (beats/min) SAP (mm Hg) DAP (mm Hg) MAP (mm Hg) CI (mL/kg/min) RR (breaths/min) VT (mL/kg) Vmin (mL/kg/min) PaO2 (mm Hg) PaCO2 (mm Hg) pH BE (mEq/L)
 
 118 137 62 87 271 44 6 848 75 46 7.4 1.7
 
 ± ± ± ± ± ± ± ± ± ± ± ±
 
 10 31 7 10 3 19 0.5 231 8 3 0.05 7.4
 
 1 week
 
 2 weeks
 
 4-6 weeks
 
 Adult
 
 110 ± 30 – – 100 ± 20 225 ± 56 42 ± 11 8 ± 1.2 744 ± 169 87 ± 5 47 ± 3 7.37 ± 0.03 1.4 ± 2
 
 103 ± 21 – – 100 ± 11 229 ± 74 38 ± 11 14 ± 2 523 ± 126 – – – –
 
 84 ± 11 – – 115 ± 14 167 ± 40 36 ± 9 13 ± 2 436 ± 116 89 ± 6 42 ± 2 7.4 ± 0.01 0.8 ± 2.4
 
 39 142 99 114 69 16 14 162 94 40 7.4 6
 
 ± ± ± ± ± ± ± ± ± ± ± ±
 
 4 12 11 11 17 6 2 45 3 3 0.03 3
 
 BE, Base excess; CI, cardiac index; DAP, diastolic arterial pressure; HR, heart rate; MAP, mean arterial pressure; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension; RR, respiratory rate; SAP, systolic arterial pressure; Vmin, minute ventilation volume; VT, tidal volume. *Data from references 7, 15, 16, 20, 45, 62, 84, 97.
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 volume left in the lung after a normal expiration, and tidal volumes are markedly smaller than in the adult (see Table 20-2). Thus, in the immediate postnatal period foals are hypo xemic, with PaO2 values being significantly lower than during adult life, whereas PaCO2 values being similar. Still, because O2 needs of the rapidly developing organism are much higher than in the adult, especially in the first week postpartum, O2 consumption (6-8  mL/kg/min) exceeds that of the adult horse by two- to threefold,15 requiring increased respiratory minute ventilation. To compensate for the smaller FRC and tidal volume, newborn foals typically breathe up to 60 to 80 times per minute, which in the fourth to sixth week declines to 30 to 40 breaths per minute for the remainder of the first 3 months of life before gradually approaching adult values. In addition, neonates close the upper airway during end expiration and therefore do not allow the lung to collapse easily; however, this protective mechanism (often referred to as “auto-PEEP”) is often lost during anesthesia. This in conjunction with a lower sensitivity of the respiratory center to changes in PaO2 and PaCO2, most prominent after sedation with α2-adenergic drugs, which particularly predisposes neonatal foals to hypoxemia and hypercarbia.
 
 Nervous System Development At the time of birth, the nervous system of a newborn still has substantial development to complete, as behavioral, anatomic, and physiologic evidence suggests. Studies in various species, including horses, indicate that the basic anatomical structures of the brain and spinal cord are present at birth as are specific cellular groups, synapses, and neurochemical markers.22,23 Unlike in other species, neurogenesis of the cerebellar cortex is fairly complete in the newborn foal, indicating the horse’s brain is maturing quite rapidly.22 Because the cerebellum is responsible for coordinated movements and ambulation, this also explains why the foal can rise about 30 minutes after birth and start running minutes later. Although most of the large neurons differentiate early during fetal development, small neurons and neuroglia differentiate later, and myelination of nerve fibers is incomplete at many levels of the nervous system at the time of birth. As a result, transmission of nerve impulses from the periphery to the central nervous system is slower than in the adult and the ability to localize stimuli may be relatively poor. Therefore, when the neonatal foal is traumatized, it may or may not reply quickly enough with target-oriented nocifensive reflex responses. This phenomenon, however, does not preclude functioning nociceptive pathways or pain sensation in the newborn, and it thus calls for appropriate analgesic treatment, local and regional anesthesia, or even general anesthesia whenever a foal is exposed to noxious stimulation. There is substantial laboratory animal evidence that the blood–brain barrier to proteins and other macromolecules, principally a property of tight junctions between the cells, is well formed early in brain development, whereas postnatal modifications in tight junction structure is in part responsible for the decline in blood-brain and blood–cerebrospinal fluid (CSF) permeability to smaller molecular compounds, such as many endogenous substances, nutrients, and drugs.24 In addition, during the early postnatal period, the open tubulocisternal endoplasmic reticulum components of cerebral endothelial and chorioid plexus epithelial cells close, thereby restricting more and more diffusion of endogenous substances and drugs from
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 the blood into the central nervous tissue.25 Those changes, immaturity of the central nervous neuronal function as a whole, and different pharmacokinetic behavior of drugs in neonates may account for differences in responses to agents administered to a foal for purposes of chemical restraint, sedation, analgesia, and anesthesia. There are numerous age-dependent changes in the autonomic nervous system responsiveness of myocardial contractile and conducting tissue and vasomotor tone reported in laboratory animal species,26 but little is known in the horse. Those studies suggest that at birth parasympathetic nervous activity dominates while sympathetic innervation of heart and vasculature is still immature, which may in part explain the low systemic vascular resistance and mean systemic blood pressure as well as higher rate of bradyarrhythmias observed in the newborn foal subject to hypoxemia and/or hypothermia.
 
 Early Postnatal Behavior The significantly advanced development of the nervous system in the equine compared to other species provides the newborn foal with the ability to quickly escape from predators. Immediately postpartum, the equine neonate can maintain sternal recumbency and within 1 hour after birth will stand up and nurse, and soon thereafter can trot and canter.17 Most can gallop by the next day. The suckle reflex is present within 30 minutes, and the average foal is nursing the mare within 2 hours postpartum. Any deviation from those normal behaviors, similarly to deviation from normal cardiovascular and respiratory parameters in the early phase of a foal’s life, should alert the anesthetist to existing or impending problems.
 
 Body Metabolism, Biotransformation, and Excretion Body Water Content and Body Tissue Composition Unlike in neonates of most other species, in the newborn foal total body water content is around 72%27 or 74.4% ± 2.4%28 of total body mass and hence is relatively low compared to puppies and kittens; and it does not change much over the first 5 months of life.29 It also is close to the 67% of body weight measured in the adult horse.30 The extracellular fluid (ECF) compartment is on a per kilograms of body weight basis about one third larger in foals than in adults, as are the blood and plasma compartments (Table 20-3),27,31,32 which must be accounted for during perianesthetic fluid therapy and intravascular volume substitution. The higher ECF volume implies a larger apparent volume of distribution for many drugs, which must be taken into account for appropriate drug dosing and for predicting of drug uptake and distribution in the body.25 Furthermore, because of the presumably higher capillary permeability in the neonate yet increasing systemic arterial blood pressures postpartum, intravascular water rapidly redistributes into the interstitial space, where it accumulates.33 As a result, no sustained increase in intravascular volume occurs, which in the adult animal triggers diuresis by modulating release of vasopressin, renin, and atrial natriuretic peptide.33 Consequently, neonates, especially ill neonates, retain administered fluid over a much longer time and thus do not handle large fluid loads well. At the same time, the expanded interstitial space in the neonate serves as a reservoir for fluid and can be rapidly mobilized in situations of acute hemorrhage or hypovolemia, restoring total blood volume
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 TABLE 20-3.  Hematologic and Biochemical Parameters in Normal Awake Foals Compared to Adults* Age Parameter Body weight (kg) CBV (mL/kg) CPV (mL/kg) ECF volume (mL/kg) PCV (%) Hb (g/dL) WBC (× 103 cells/µL) Neutr (× 103 cells/µL) Lymph (× 103 cells/µL) TP (g/dL) Albumin (d/dL) Glucose (mg/dL) BUN (mg/dL) Creatinine (mg/dL) BILItot (mmol/L) BILIconj (mmol/L) CK (IU/L) AST (IU/L) SDH (IU/L) LDH (IU/L) γ-GT (IU/L) AP (IU/L)
 
 1-3 Days
 
 1 Week
 
 2 Weeks
 
 4-6 Weeks
 
 2 Months
 
 4-6 Months
 
 54 ± 5 152 ± 33 95 ± 9 394 ± 29 40 ± 4 8.1 ± 0.8 7.4 ± 2.3 5.4 ± 0.6 1.9 ± 0.6 5.4 ± 0.8 3 ± 0.3 140 ± 20 13 ± 7 1.4 ± 0.3 47 ± 16 2.6 ± 0.7 40-909 137 ± 49 9.4 ± 5.5 799 ± 264 29 ± 27 1787 ± 893
 
 – – – – 35 ± 3 13.3 ± 1.2 6.3-13.6 4.4-10.6 1.4-2.3 6.4 ± 0.6 2.7 ± 0.7 162 ± 18 4-20 1.3 ± 0.2 32-56 2-7 52-143 237-620 5.1 ± 5.1 – 16-98 137-1169
 
 – 99 ± 16 70 ± 9 364 ± 53 – – – – – – – – – – – – – – – – – –
 
 98 ± 14 93 ± 10 62 ± 6 348 ± 45 33 ± 4 13 ± 1 12.1 ± 2.5 6±1 3.3 ± 1 6.1 ± 0.5 2.4 ± 0.2 162 ± 22 8±2 1.5 ± 0.2 25 ± 6 2.5 ± 0.5 81-585 160 ± 19 2.6 ± 1.9 751 ± 417 18 ± 8 983 ± 245
 
 133 ± 15 93 ± 10 60 ± 9 301 ± 24 34 ± 5 8.7 ± 0.5 12.8 ± 2.8 7.3 ± 1.3 4.7 ± 1.3 5.2 ± 0.3 3 ± 0.2 119 ± 9 9±2 – 22 ± 6 2.2 ± 0.4 – 165 ± 21 – 703 ± 192 14 ± 3 871 ± 180
 
 200 ± 14 78 ± 11 50 ± 8 287 ± 32 38 ± 3 8.4 ± 0.6 12.8 ± 2.8 7.8 ± 1.5 6.5 ± 1.4 5.4 ± 0.3 3.3 ± 0.2 112 ± 11 16 ± 3 1.6 ± 0.3 19 ± 5 1.8 ± 0.8 97-396 158 ± 14 – 539 ± 142 13 ± 3 782 ± 118
 
 Adult 400-650 72 ± 11 48 ± 6 234 ± 22 32-52 11-19 5.5-12.5 2.7-6.7 1.5-5.5 4.6-6.9 2.5-4.2 75-115 10-24 0.4-1.8 7.1-34.2 0-6.8 2.4-23.4 226-366 1.9-5.8 162-412 4.3-13.4 143-395
 
 AP, Alkaline phosphatase; AST, aspartate amino transferase; BILIconj, conjugated bilirubin; BILItot, total bilirubin; BUN, blood urea nitrogen; CBV, circulating blood volume; CK, creatine kinase; CPV, circulating plasma volume; ECF, extracellular fluid volume; γ-GT, gamma glutamyl transpeptidase; Hb, hemoglobin; LDH, lactate dehydrogenase; Lymph, lymphocyte count; Neutr, neutrophil cell count; PCV, packed cell volume; SDH, sorbitol dehydrogenase; TP, total protein; WBC, total white blood cell count. *Data from 7, 31, 35, 36, 43, 45 and clinical biochemistry data in adults from reference 98.
 
 much faster than in an adult.33 As a result, the neonate can tolerate a greater blood loss before any significant decrease in blood pressure and tissue hypoperfusion is noted. During the first weeks of life, the mare’s milk provides the primary nutrional source the growing foal needs for sustenance. Daily fluid intake (milk plus water) of foals is high, with animals aged 11 to 18 days drinking 246 g/kg and those aged 30 to 44 days consuming 202 g/kg.34 Maintenance fluid rates in neonatal foals are variable but higher than in adults, and as much as 120 mL/kg per day is required in foals up to 1 month of age.33 Glycogen reserves in liver and muscle are smaller in the newborn foal than in neonates of other species and last only for a few hours, making the foal more susceptible to hypoglycemia and energy deficits if the foal does not nurse.27 However, from 2 to 4 weeks of age onward the foal’s diet changes gradually to solid food with high-quality grains and forage increasingly covering the foal’s dietary requirements, and by 4 months of age the mare’s milk is no longer a significant source of nutrients. Therefore, foals are weaned by 3 to 5 months of age. In parallel, the foal’s body mass as a whole (especially skeletal musculature and fatty tissue) increases rapidly over the first 12 to 16 weeks, providing the animal with increasingly larger glycogen stores and rendering it less susceptible to hypoglycemia and loss of energy reserves when food is withheld or the sick animal stops eating. In addition, uptake, distribution, and elimination kinetics of anesthetic drugs change rapidly as the foal’s body mass increases. Growth rates of horses are not as well defined as those of other farm animals.35,36 Studies in Thoroughbreds revealed that in this breed body weight at birth (day
 
 0) ranges from 39 to 67 kg and increases rapidly over the following 6 months to 237 ± 19 kg, which is approximately half that of an adult animal (see Table 20-3).35,36 Consequently, in the maturing foal, uptake and distribution of anesthetic and other drugs are expected to approach patterns as described for the adult horse more rapidly than in many other species. Thermoregulation Rectal temperature of foals ranges from 37.2 to 38.6° C (99 to 101.5° F). The much higher ratio of body surface area to weight, thin skin, and scarce subcutaneous fat tissue (poor insulation) increase environmental heat loss in the neonate compared to the adult horse.8,37 Conduction, convection, radiation, and evaporation all play a role and can expose the newborn to rapid heat loss. In addition, mature equine neonates have the ability to generate heat through shivering, but they can respond with non-shivering (cellular) thermogenesis and behavioral actions as well.38 Anesthetic drugs and commonly used sedatives will interfere with thermoregulation and therefore promote extended periods of hypothermia. Hepatic Function and Development The liver is the principal site of drug metabolism. The microsomal cytochrome P450 enzyme system is primarily responsible for transformating lipophilic compounds to polar and pharmacologically less-active or inactive substances (phase I reactions), whereas glucuronidation and other conjugation processes (phase II reactions) render the metabolites more hydrophilic, facilitating renal elimination. Functional maturity
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 of the liver is incomplete at birth and thus the capacity to metabolize endogenous substances such as bilirubin or drugs is markedly lower in newborn foals than in the adult horse.17,25 As a result, metabolism and half-lives of organic waste products (e.g., bilirubin) are expected to be prolonged causing higher plasma concentrations to persist in the newborn foal (see Table 20-3). Likewise drugs have longer plasma half-lives and may accumulate on repeated dosing, thereby extending effects and slowing elimination from the body.39 As blood flow to the liver increases after birth, enzyme induction begins with exposure to various endogenous and exogenous substances. In the horse, metabolic pathways seem to mature more rapidly than in other species. In particular, microsomal enzyme activity increases rapidly during the first 3 to 4 weeks of life, while conjugation processes approach activity levels similar to those measured in the adult more gradually.25,39 Nevertheless, by 6 to 12 weeks postpartum most hepatic metabolic pathways are completely functioning. Renal Function and Development In horses, renal development, in terms of glomerular number, is complete by 30 to 40 weeks of gestation, although the kidney volume continues to grow until 50 to 90 weeks of postnatal life.21 As a result, on a per kilogram of body weight basis, glomerular filtration rate and effective renal plasma flow of the full-term newborn foal is already comparable with that of the adult.40,41 Foals have a relatively greater renal tubular internal surface area available for reabsorption but reduced renal concentrating ability in the postpartum period as compared to adult animals. Normal urine output in neonatal foals is reported to be approximately 6 mL/kg/hr but then decreases gradually over the subsequent 12 weeks of life.21,32 Reflecting a high water intake and urine excretion, normal urine specific gravity in newborn foals, after the first 24 hours of life, is usually hyposthenuric (1.008 or less) and is reported to range from 1.001 to 1.027.32,42 When compared with values reported in adults, excretion, clearance, and fractional electrolyte excretions (FE) in 4-day-old foals are similar for sodium but somewhat higher for potassium, phosphorus, and calcium.42 Blood urea nitrogen values of 2 mmol/L or less (6 mg/dL or less) are normal up to 3 months of age, whereas the mean adult value is 3.5 mmol/L or less (9.8 mg/dL or less).42
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 Thereafter values increase again, reaching levels of adult animals by about 1 to 3 months of age. Although there is no fetal hemoglobin in the equine species, levels of 2,3-diphosphoglycerate (2,3-DPG) in fetal and therefore neonatal erythrocytes is slightly lower than in adults, thereby increasing the affinity of hemoglobin toward O2 and thus facilitating O2 loading of hemoglobin in the placenta during fetal life and in the lung of the newborn while impeding O2 off-loading at the tissue sites.43,44 The impact of this phenomenon, however, is soon reversed in the pediatric/juvenile foal when phosphate substrate becomes available through active bone turnover, and the short-living fetal erythrocytes are increasingly replaced by new RBCs of bone marrow origin.31 The 2,3-DPG of RBCs of these foals increases and thus O2 offloading in the tissues increases. Therefore, fewer RBCs are needed to maintain adequate tissue oxygenation. Data in other species indicate that when rapid bone growth slows, this trend reverts back to normal adult values. In contrast, total white blood cell count of a foal increases gradually after birth, attributable to an increase in neutrophils, but considerable inter-individual variability exists with regard to total neutrophil numbers.43 Lymphocyte numbers decrease immediately after birth to resume adult levels by about 3 months of age.17,43 It is important to recognize that lymphocyte counts per se are not diagnostic in the neonate as numbers may be normal or reduced in foals with immunodeficiency.43 At birth, total plasma protein content may vary widely and then increase following colostrum intake, but a wide range persists, although the albumin concentration remains relatively constant.17,43,45 Marked hyperbilirubinemia in the first week of life is a common finding and can be attributed to an accelerated breakdown of neonatal erythrocytes and immature hepatic function.43 Serum enzyme activities (including creatinine kinase, sorbitol dehydrogenase, γ-glutamyl transferase, lactate dehydrogenase, and aspartate aminotransferase) have been reported to be transiently elevated in the first few weeks after birth as a result of hepatocellular maturation (see Table 20-3).17,45 Serum lactate concentrations are high immediately after birth (3 to 5 mmol/L), likely because of temporary tissue hypoperfusion and hypoxia, but then decrease soon to normal values (2 mmol/L or less).43
 
 Hematology and Biochemistry
 
 ANESTHETIC MANAGEMENT OF THE SYSTEMICALLY HEALTHY NEONATE AND MATURING FOAL
 
 Blood volume in neonates is higher than in adults, approximately 13% to 15% of total body weight, and then decreases to near adult values (8% to 10%) by 12 weeks of age.31 A detailed review on clinical pathology findings in the maturing foal can be found elswhere.43 Key hematologic and clinical chemistry parameters recorded in foals within the first 6 months of life are listed in Table 20-3. Most noticeable, packed cell volume and hemoglobin values typically increase to maximum values at birth as a result of placental blood transfusion and then gradually decline. In horses and ponies (as in human infants) this physiologic anemia of the newborn develops during the first 2 weeks of life with PCV to remain just below or in the low adult reference range.31,43 This decline in red blood cells (RBCs) may be further aggravated by neonatal isoerythrolysis, an alloimmune hemolytic anemia caused by antibodies in the mare’s colostrum against the newborn’s erythrocytes that is accompanied by neonatal icterus.17,43
 
 Since the 1990s the scope of anesthetic management in adult horses and foals has expanded to accommodate new developments in equine surgery (e.g., laser surgery in the airway, laparoscopy, thoracoscopy), medicine, and diagnostic imaging (e.g., computed tomography, magnetic resonance imaging [MRI]). Today protocols for continuous deep sedation, loco-regional anesthesia, and analgesia are techniques that in combination may replace or complement general anesthesia. Methods of general anesthesia in the foal have been described previously.1,3,7,8,37,46 The rapid maturing of the foal postpartum with all its implications described earlier and both clinical and experimental observations suggest that sedation, anesthetic, and analgesic protocols must be tailored to the needs of the individual foal, such as its developmental stage and health status. For clinical purposes, it is meaningful to distinguish anesthetic management of the neonate foal (up to 1 month of age) from that of the pediatric or juvenile foal (1 to 4 months old).
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 Weanlings (more than 4 to 5 months old) usually have adult circulatory and respiratory reserves and mature metabolic pathways, and they do not require specific precautions. Therefore, they can be treated anesthetically as adult horses.
 
 Preanesthetic Examination and Preparation A thorough history and physical examination of the foal in the presence of the mare, involving assessment of mental status and temperament, cardiopulmonary functions (heart rate and rhythm, pulse pressure, capillary refill time, mucous membrane color and moisture, respiratory rate and rhythm), hydration status, and body temperature are essential before any suitable protocol for sedation, anesthesia, and/or analgesia can be formulated. The need for ancillary tests (e.g., chest radiographs, ultrasound, electrocardiogram) and laboratory analyses (e.g., complete blood cell count, clinical chemistry profile, blood gas analysis, urinalysis) is largely dependent on the physical status of the foal, the presenting complaint, and the intended surgical or diagnostic procedure and should take into account agedependent differences in vital, hematologic, and biochemical parameters between foals and adult horses (see Tables 20-1 and 20-2). As a minimum, packed cell volume, white blood cell count and differential, total plasma protein content, and blood urea and glucose concentrations should be determined in any foal undergoing prolonged sedation or general anesthesia. If the foal is a newborn, the assessment should include a detailed history of the perinatal period and a test of the adequacy of passive antibody transfer; if the foal is more mature, a complete medical history may be all that is necessary.17 Nursing foals up to 2 months of age have little fiber intake and should not be muzzled prior to anesthesia but should have free access to their mother. Suckling helps maintain adequate blood glucose levels, liver glycogen reserves, and hydration status. Older foals with increased solid food intake may be muzzled and held off feed for 3 to 6 hours prior to anesthesia. These older foals, particularly when hypovolemic, may profit from antiulcer medication (ranitidine [Zantac] 1.5  mg/kg  IV every 8  hr, famotidine [Pepcid AC] 0.3  mg/kg  IV every 12  h, omeprazol [GastroGard] 2 to 4  mg/kg PO every 24  h).47 In foals of any age, the mouth should be rinsed out with water close to the time of induction of anesthesia to prevent feed or bedding material that may be present in the pharynx from being pushed into the airway during the process of endotracheal intubation. In preparation for long-term sedation or general anesthesia and to ensure safe fluid and/or drug administration, a 16-gauge (18-gauge in minihorse or small pony foals) jugular venous catheter should be placed in the equine neonate using aseptic technique. Catheter placement is facilitated by infiltration of the subcutaneous tissue with local anesthetic (e.g., 2% lidocaine [Lidocaine HCl USP]) at the site of skin and blood vessel puncture. In the healthy neonate, mild sedation (Table 20-4) may be nessary to facilitate aseptic placement of an IV catheter. If anesthesia is being induced using an inhalant anesthetic technique, IV catheter placement may be postponed to the moment following induction of anesthesia. If antibody titers indicate inadequacy of passive immune transfer, the neonate should receive either colostrum or plasma, as appropriate, and antibiotics because newborns are highly susceptible to serious infections when stressed by injury, metabolic disease, anesthesia, or surgery.
 
 Sedation of the Mare In most instances, it is desirable to have the mare present when handling an awake or mildly sedated foal because separation from the mother may trigger anxiety, excitement, and stress. To facilitate preparation of the foal for anesthesia, sedation of the mare is highly desirable because it prevents her from becoming agitated or even aggressive toward personnel handling the foal. A physical examination of the mare should precede any administration of sedatives or tranquilizers. Ideally the mare should be tranquilized while still in the stall with her foal. Sedative agents or a combination of drugs with relatively long duration of action are preferred. Depending on the temperament of the mare and the anticipated length of separation of mother from foal, acepromazine alone (PromAce, 0.02 to 0.05 mg/kg IV/IM) or in combination with α2-adrenoceptor agonists (xylazine [Rompun] 0.2 to 0.3 mg/kg IV, detomidine [Domosedan] 5 to 10 µg/kg IV/IM, or romifidine [Sedivet] 0.02 to 0.04 mg/kg IV/IM) will provide adequate and long-lasting sedation.3,7,8
 
 Anesthetic Management of the Neonate (1‑Month‑Old or Younger) The immaturity of its central nervous, cardiopulmonary, hepatic, renal, and metabolic systems described earlier in this chapter must be kept in mind when designing the anesthetic plan for a neonate so as not to expose the foal to an increased risk of perianesthetic complications. Sedation and anesthetic drug regimens that are the least likely to impair vital functions and to cause prolonged central nervous depression are preferred. Sedation Foals up to 14 to 21 days of age usually do not require any chemical restraint or tranquilization to be handled and instrumented prior to induction of general anesthesia or locoregional anesthesia for brief and less-invasive surgical or diagnostic procedures.2,3,7,8,37 If, however, sedation is required or the animal is older than 2 to 3 weeks, a benzodiazepine derivative is the preferred choice because it has limited adverse cardiopulmonary effects.3,7,37 All benzodiazepines listed in Table 20-4 provide sufficient sedation and muscle relaxation, thereby facilitating minor interventions such as radiographic or ultrasonographic examinations, cast application and changes, synovial or cerebrospinal fluid aspiration, rhinolaryngoscopy, intravenous catheterization, or short surgical procedures under local anesthesia or induction of general anesthesia.2,3,7,8,37 If infusion or repeated drug dosing is anticipated to maintain sedation, midazolam (Versed) may be the better choice because the propylene glycol vehicle in other benzodiazepine preparations (diazepam [Valium], lorazepam [Ativan], climazolam [Climaxolam]) can cause metabolic acidosis and nephrotoxicity.48 In the more mature neonate (older than 2 to 3 weeks), benzodiazepines may be supplemented with one of the opioids listed in Table 20-4 and/or a low dose of xylazine (0.05 to 0.1 mg/kg) to enhance sedation and provide some analgesia.3,8,37 If desired, the benzodiazepine effect can be countered at the end of the procedure using flumazenil (Romazicon; 0.025 to 0.1 mg/ kg IV) or sarmazenil (Sarmasol; 0.025 to 0.1 mg/kg IV). The opioid can be antagonized with with naloxone (10 to 15 µg/kg IV) or levallorphan (Lorfan; 22 µg/kg IV),49,50 and
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 TABLE 20-4.  Anesthetic Management of the Systemically Healthy Foal Neonate (1 Month or Younger)
 
 Pediatric/Juvenile Foal (1-4 Months )
 
 Sedation (IV)
 
 None (≤2-3 wk) Benzodiazepines (≥2-3 wk) Midazolam 0.05-0.1 mg/kg Diazepam 0.1-0.25 mg/kg Lorazepam 0.02-0.05 mg/kg Climazolam 0.1-0.2 mg/kg α2-Agonists (not preferred) Xylazine 0.2-0.5 mg/kg Supplementation with: Morphine 0.03-0.06 mg/kg L-Methadone 0.05 mg/kg Butorphanol 0.05-0.1 mg/kg
 
 Induction of anesthesia
 
 Pre-oxygenation (2.5-5 L/min) via mask or nasotracheal tube Inhalant anesthetic in O2 Isoflurane Sevoflurane Desflurane Injectable anesthetics (after sedation) Ketamine 2-2.5 mg/kg Propofol 2-2.5 mg/kg Inhalant anesthetic in O2 Isoflurane Sevoflurane Desflurane Total intravenous anesthesia (TIVA) Propofol 0.2-0.4 mg/kg/min
 
 Benzodiazepines (4-8 wk) Midazolam 0.05-0.1 mg/kg Diazepam 0.1-0.25 mg/kg Lorazepam 0.02-0.05 mg/kg Climazolam 0.1-0.2 mg/kg α2-Agonists (>8 wk) Xylazine 0.2-0.5 mg/kg Detomidine 0.005-0.01 mg/kg Romifidine 0.02-0.04 mg/kg Phenothiazines Acepromazine 0.03-0.05 mg/kg Supplementation with: Morphine 0.03-0.06 mg/kg L-Methadone 0.05 mg/kg Butorphanol 0.02-0.1 mg/kg Injectable anesthetics (in combination with benzodiazepine listed above or guaifenesin 20-50 mg/kg IV) Ketamine 2-2.5 mg/kg Propofol 1-3 mg/kg Ketamine 1.5 mg/kg + propofol 0.5 mg/kg Thiopental 4-6 mg/kg
 
 Maintenance of anesthesia
 
 Inhalant anesthetic in gas mixture (FiO2 > 0.3) Isoflurane Sevoflurane Desflurane Supplementation* with Lidocaine CRI Ketamine + propofol CRI Dexmedetomidine CRI Total intravenous anesthesia (TIVA)* Triple drip CRI Propofol 0.1-0.3 mg/kg/min
 
 CRI, Constant rate infusion; FiO2, inspired fraction of oxygen. *See text for more details.
 
 xylazine can be reversed with yohimbine (Yocon; 0.1 to 0.2 mg/kg IM). Induction and Maintenance of Anesthesia Induction and maintenance of general anesthesia can be achieved with one of the currently approved volatile anesthetics (isoflurane [Isoflo], sevoflurane [Sevoflo], or desflurane [Suprane] in O2) or an injectable agent such as ketamine (Ketaset) or propofol (Propoflo) (see Table 20-4). Use of only a volatile anesthetic offers several advantages in neonates: (1) rapid uptake and elimination of the anesthetic via the lungs aided by the usually high minute ventilation and CO; (2) easy and rapid adjustment of anesthetic depth if untoward cardiovascular or respiratory depression or arrhythmias occur; (3) elimination of the anesthetic independent of hepatic and renal function. While the previous multicenter study4 indicated a 4.5 times higher risk of perioperative mortality in neonatal foals that had received an inhalant anesthetic (halothane) versus
 
 ketamine for induction of anesthesia, this finding does not coincide with a clinical investigation of the safety of two inhalant anesthetics (halothane and isoflurane) for induction and maintenance of anesthesia in foals.51 Also personal experiences do not corroborate a higher risk associated with using inhalant anesthesia in foals. Of the 153 neonatal foals anesthetized over the past 10-year period approximately 43% received one of the inhalant anesthetics (predominantly isoflurane) for induction and 57% an injectable anesthetic, yet only one animal with a perforated esophagus in which anesthesia was induced with ketamine suffered a fatal outcome because of an airway obstruction in the recovery period. Considering the high O2 consumption and predisposition of neonates to develop hypoxemia when being deeply sedated or anesthetized, it is recommended to have them breathe O2 or at least an O2-enriched gas mixture (FiO2 0.5 or more), independent of technique used. (It is important to administer O2enriched gas because the risk of rapid desaturation is fairly high and an FiO2 more than 0.5 buys valuable time). Circle
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 rebreathing systems and anesthesia equipment designed for use in humans or small animals are well suited for equine neonates. Dependent on the age and hence size of the animal, 3- to 5-L rebreathing bags or bellows are sufficient. Preoxygenation is recommended in all animals being anesthetized. For this purpose, the foal is intubated using a lidocaine gel (Xylocaine Jelly 2%) lubricated 6- to 9-mm ID cuffed silicone rubber nasotracheal tube of sufficient length (30 to 55 cm [12 to 22 inches]) that is passed through the nostril and ventral nasal meatus into the trachea. Subsequently, with the cuff inflated or alter natively using a tight-fitting mask, O2 or an O2-enriched gas mixture is delivered at 40 to 60 mL/kg/min for 3 to 5 minutes before anesthesia is induced. For induction of anesthesia the volatile agent, like O2 alone during preoxygenation, can be delivered via the rebreathing circuit using the previously placed nasotracheal tube or face mask. Preanesthetic sedation in neonates is often not necessary. Following preoxygenation the vaporizer output is incrementally increased up to the maximum output setting. At a fresh gas flow rate of 2.5 to 5 L/min, the volatile anesthetic concentration rises rapidly in the breathing circuit with the onset of anesthesia typically occurring within 3 to 8 minutes.51 Sevoflurane and desflurane are characterized by a 50% and 64% lower blood solubility than isoflurane, respectively, and therefore induction is somewhat faster with these agents than with isoflurane.52 If anesthesia is induced by mask, the foal should be orotracheally intubated as soon as it has lost consciousness and the swallow reflex. For this purpose, the fresh gas flowmeter shall be momentarily turned off and a lubricated 8- to 14-mm ID cuffed canine endotracheal tube be used. When the foal is intubated, the delivered inhalant concentration can be decreased and carefully adjusted to the individual foal’s requirements and the fresh gas flow rate can be reduced to a setting of 4 to 10 mL/kg/min to avoid unnecessary and costly waste of anesthetic gas. Among the injectable anesthetics, ketamine is currently the most commonly used agent for induction of anesthesia in the equine neonate, typically following sedation with a benzodiazepine derivative alone or in combination with an opioid and/ or low-dose xylazine. It will induce anesthesia lasting 10 to 20 minutes (see Table 20-4).3,8,37 Alternatively, either with or without benzodiazepine sedation, propofol may be administered slowly (over 45 to 60 seconds) to effect (to avoid severe respiratory depression and apnea).3,8,37,53,54 Induction of anesthesia with thiopental or other barbiturates should be avoided in neonates because of the prolonged recovery period. In most neonates, anesthesia is maintained with one of the volatile agents to avoid drug accumulation and slow awakening from anesthesia if injectable agents (ketamine or barbiturates) are being infused or repeatedly administered. For isoflurane, an average anesthetic vaporizer concentration setting of 2.8 ± 0.1% has been reported,51 which accords well with my own observations of an average dial setting of 2.2 ± 0.7% and end-tidal isoflurane concentration of 1.5 ± 0.4% recorded in 152 neonate anesthetics. In foals undergoing major trauma surgery, a balanced anesthesia regimen involving intermittent (every 1 to 2 hours) subcutaneous administration of a low dose of medetomidine (Dormitor, 1 to 2 µg/kg) or dexmedetomidine (Dexdormitor, 0.5 to 1 µg/kg) has advantages over maintaining anesthesia only with an inhalant anesthetic. While providing analgesia, these drugs reduce the need for high doses of volatile anesthetic that typically cause severe hypotension. Recovery
 
 (commonly assisted) to standing position usually occurs quickly, within 15 ± 1 minutes after 86 ± 4 minutes of isoflurane anesthesia51 and within 27 ± 18 minutes after 133 ± 66 minutes of isoflurane anesthesia. If higher doses of a benzodiazepine or xylazine have been used for preanesthetic sedation or if anesthesia was relatively short, reversal of the premedication agents with appropriate antagonists (e.g., flumazenil, yohimbine) should be considered to speed up recovery. Using propofol in the neonate allows maintenance of anesthesia without risk of untoward drug accumulation and prolonged recovery. It facilitates safe anesthesia administration over extended periods of time when inhalant anesthesia may not be a feasible option, for example, for MR imaging when compatible anesthesia equipment is not available. An anesthetic technique considered suitable under those circumstances in neonates (3 to 6 days of age) includes xylazine (0.5 mg/kg IV) premedication followed 5 minutes later by a bolus (2 to 2.5 mg/kg IV) and subsequent infusion of propofol (0.2 to 0.4 mg/kg/min).53,54 However, the hemodynamic effects of α2agonists at such high doses cannot be ignored in this age group. A study of xylazine sedation in healthy 10- and 28-day-old foals indicated a decrease in heart rate by 20% to 30%, yet without causing second-degree atrioventricular block that is typically seen in adult horses.55 In addition, a biphasic (initial increase followed by a decrease) change in blood pressure, similar to that in adult horses, occurred, but mean arterial pressure did not fall below 60 mm Hg.55 Therefore, one should still exercise caution when using α2-agonists in the very young or sick neonate and keep doses at a minimum. In one study, recovery time after constant rate infusion of propofol (0.30 ± 0.07 mg/kg/min) for 60 to 122 minutes ranged from 15 to 32 min (mean, 27 min), and foals suckled within 10 minutes of standing.54
 
 Anesthetic Management of the Pediatric/Juvenile Foal (1 to 4 Months Old) Beyond 1 month of age, the normally developing foal of common breeds (i.e., Thoroughbreds, Standardbreds, Arabians, Quarter Horses, Warmblood horses, and Paint horses) has arrived at a stage of maturation when anesthetic techniques used in the adult can be applied with some modifications. In parallel with the maturation process, the risk for fatal perianesthetic complications seems to decrease markedly.4 Sedation Systemically healthy foals 4 to 8 weeks of age (more than 120 to 150 kg body weight) or older are more difficult to physically restrain and therefore frequently require adequate tranquilization for preanesthetic catheter placement or other minor procedures. In younger pediatric foals, sedation with one of the benzodiazepine derivatives listed in Table 20-4 again offers the advantage of little adverse cardiovascular and respiratory effects yet profound calming and immobilization.3,7,37 In fractious individuals or foals older than 2 months, benzodiazepine administration often causes inadequate sedation and muscle relaxation or even excitement similar to what is described in the adult horse.49 In these foals α2adrenoceptor agonists such as xylazine (0.2 to 0.5 mg/kg IV, 0.5 to 1 mg/kg IM), which is the most widely used drug in this group, as well as detomidine or romifidine, provide more reliable sedation and muscle relaxation, and in addition
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 profound analgesia (see Table 20-4 for dosages).2,3,7,8,37 Overall, hemodynamic and respiratory side effects observed after α2agonist administration in foals up to 2 to 3 months old are similar to those noted in adults with maybe the exception of atrioventricular blocks occuring rarely in younger foals.3,7,37,55,56 Of note, xylazine has been shown to cause hypothermia in foals.57 Unlike in adult horses, α2-agonists do not seem to produce hypoinsulinemia and hyperglycemia in 4-week old foals, indicating differences in pancreatic responses to α2agonists in early life and further emphasizing the need to monitor blood glucose levels during prolonged sedation and anesthesia.57 Lower dosages of xylazine (0.2 to 0.3 mg/kg IV) usually provide adequate sedation for 15 to 30 minutes and are associated with minimal cardiovascular and respiratory changes,7 making this drug the agent of choice for use in foals of that age group. In contrast, detomidine and romifidine have a longer duration of action and also carry a higher risk for untoward effects, including arrhythmias.3,56 When combined with one of the opioids listed in Table 20-4, either the foal will lie down or it can be placed into lateral recumbency, allowing performance of minor surgical (in combination with local and regional anesthesia) or diagnostic procedures of short duration.2,7 If desired or necessary, the α2-agonistic effects can be antagonized at the end of the procedure using atipamezol (Antisedan, 0.05 to 0.1 mg/kg IV/IM) or yohimbine (0.1 to 0.2 mg/kg IV/IM).49 Acepromazine in clinically common dosages produces overall mild but long-lasting sedation.3,37 It may be used to enhance and prolong sedation with xylazine. Clinically relevant hypotension secondary to vasodilation is a rare observation in normovolemic foals and therefore is not a concern.3 Induction and Maintenance of Anesthesia Liver and kidney functions are significantly more mature in foals older than 1 month of age, and physical restraint becomes increasinly more difficult as the foal matures. Therefore, an IV technique is often considered the preferred method of induction of anesthesia (see Table 20-4). Ketamine is currently the most commonly used agent for induction of anesthesia in pediatric and juvenile foals and, to obtain good muscle relaxation, it is commonly combined with a benzodiazepine, unless this type of drug had been already administered for purposes of sedation. Alternatively and preferably in foals older than 3 to 4 months of age, ketamine may be coadministered with the centrally acting muscle relaxant guaifenesin (5%; Gecolate), which is administered IV to effect (dropping of head, general muscle relaxation and calmness, fetlock knuckling) at a rate of 2 to 3  mL/kg/min.3,7,37 To avoid inadvertent guaifenesin toxicity, the infusion container (bag, syringe, or bottle) should only contain up to the calculated maximum dosage for the individual foal, about 50  mg/kg. Following xylazine administration (0.25  mg/kg), ketamine in combination with diazepam produces anesthesia in 4- to 6-week-old foals typically of 10 minutes’ duration.7 Ketamine may be replaced by propofol (see Table 20-4) for induction of anesthesia, but respiratory depression is likely to occur even in the more mature foal, and anesthesia may last only 5 minutes.3,8,37,54 Alternatively, ketamine and propofol may be combined for induction of anesthesia (see Table 20-4).37 Thiopental in conjunction with a benzodiazepine or guaifenesin is suitable for induction of anesthesia in the more mature foal and under certain circumstances (e.g.,
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 foals with seizures or brain trauma) it is the preferred technique (see Table 20-4).7,37 As in neonates, general anesthesia is most commonly maintained with isoflurane (MAC in adults, 1.3% to 1.6%)52 in O2 or an O2-enriched gas mixture in pediatric and juvenile foals51 although sevoflurane (MAC in adults, 2.3% to 2.8%)52 or desflurane (MAC in adults, 7.0% to 8.1%)52 may be used as well. Circle rebreathing systems and anesthesia equipment designed for use in humans or small animals are not suitable for foals when they reach a body weight in excess of 125 to 150 kg. Hence, a large animal anesthesia machine equipped with a 3- to 10-L rebreathing bag (accommodating the threefold increase of an average tidal volume to 10 to 15 mL/kg) is required to administer inhalation anesthesia in older foals.8,37,51 Following induction with injectable agents, the foal is intubated using a 14 to 18 (70 to 100 kg body weight), 18 to 22 (150 to 200 kg body weight), or 22 to 24 (250 to 400 kg body weight) mm ID cuffed orotracheal tube of sufficient length. Initially, a high fresh gas flow rate of 3 to 5 L/min and vaporizer dial setting of 3% to 5% for isoflurane, 4% to 6% for sevoflurane, and 9% to 10% for desflurane ensures rapid rise of the volatile anesthetic concentration in the breathing circuit and airways of the foal. Within 5 to 15 minutes the dial setting should be carefully adjusted to maintain the required depth of anesthesia and the fresh gas flow rate should be reduced to a lower setting of 4 to 6 mL/kg/min. The foal’s body size, previously administered anesthetic drugs, and blood gas solubility of the volatile anesthetic agent used must be considered when adjusting the maintenance dose. As in adult horses, balanced anesthesia protocols in which an inhalant anesthetic is combined with administration of short-acting analgesic agents and/or injectable anesthetics also have become popular in foals.37,46 Infusions of lidocaine (50 µg/ kg/min after an IV bolus of 1.2 to 1.5 mg/kg)46 or ketamine (50 µg/kg/min for 45 minutes followed by 25 µg/kg/min) plus propofol (0.1 mg/kg/min)37 have been used in an attempt to reduce the required dose of the volatile anesthetic and provide better analgesia. In the older foal, combination with an α2agonist, such as dexmedetomidine (0.75 to 1.5 µg/kg/hr or 1 to 3 µg/kg IM q 1 to 2 h), also may be considered for painful orthopedic or trauma surgery. Total intravenous anesthesia techniques have been applied in foals, whereby anesthesia is maintained by constant rate infusion of injectable anesthetics to effect (see Table 20-4). Infusion of 5% guaifenesin solution containing xylazine (250 mg/L) and ketamine (1 g/L), often referred to as triple drip solution, is applied most frequently.7,8,37 This drug combination may also be administered after sedation of the foal at a rate sufficient to rapidly induce anesthesia. For maintenance of anesthesia, the drip can be continued at a rate of 2 to 3 mL/kg/hr. As described for neonates, anesthesia may also be maintained with propofol.7,8,37,54 Lacking any analgesic properties, propofol administration may be combined with techniques of local and regional anesthesia or infusions of lidocaine, ketamine, or dexmedetomidine as mentioned for use with inhalant anesthesia (see Table 20-4).
 
 Monitoring during Anesthesia Anesthetic emergencies are typically of short duration and can have dire consequences, but in most instances, warning signs precede fatal developments and if recognized and responded to
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 in a timely and appropriate manner, emergency situations can be avoided altogether. This applies particularly to the neonate and maturing foal with its limited physiological reserves. Therefore, with the exception of very minor procedures, invasive diagnostic or therapeutic procedures requiring anesthesia of longer duration should only be performed in foals in specialty practices and hospitals that are appropriately equipped and have personnel familiar with foal anesthesia. Guidelines for anesthesia in horses have been published previously by the American College of Veterinary Anesthesiologists58 and more recently revised59 and commented on.60 Guidelines also have been issued by the equine practioner’s association in Germany and recently discussed by the Association of Veterinary Anaesthetists. These guidelines state that a veterinarian or veterinary support staff familiar with foal anesthesia shall monitor the animal at all times during the anesthetic and recovery period and be prepared to intervene, when indicated. All drugs administered (including time, route, and dosage) and monitored variables are to be recorded every 5 to 10 minutes in an anesthesia record. It is important that monitored variables such as anesthetic depth, cardiovascular and respiratory functions, body temperature, hydration, and metabolic and hematological parameters be interpreted as interdependent variables taking into account the developmental stage of the foal and related normal physiology, the disease status of the patient, and the procedure being performed, before decisions to intervene are made. Monitoring techniques used in foals are principally not different from those applied in adult horses. The reader may refer to texts providing a more comprehensive review of monitoring in the anesthetized horse61,62 and critically ill neonate.63,64 Anesthetic Depth and Drug Concentration Although it is not always obvious, anesthesia is not a static situation but a rather dynamic process. Inadequate depth of anesthesia may be associated with periods of awakening or subconscious responses to noxious, auditory, mechanical and other stimuli, resulting in excessive stress, movement with potential contamination of the surgical site, and injury to the animal.62 Excessively deep anesthesia is associated with severe depression of the brain stem and hence dangerous impairment of many vital functions, including those of the cardiovascular and respiratory systems. It is therefore essential that the anesthetist repeatedly assess the depth of anesthesia and, if needed, adjust anesthetic drug administration. Physical signs such as position of the globe, nystagmus, degree of depression of protective eye reflexes (palpebral and corneal), presence or loss of swallowing reflex, rate and depth of breathing, lacrimation, skeletal muscle shivering/trembling or tightening, anal sphincter reflex, and hemodynamic responses to noxious stimulation are commonly evaluated.62 Multiparameter anesthesia monitors with built-in multigas analyzer modules have become increasingly more affordable and are enjoying great popularity. They allow measurement of the endtidal concentration or partial pressure of an inhaled anesthetic, which serves as an index of the partial pressure of the inhalant anesthetic in the alveoli and brain. Knowing the concentration or partial pressure of the inhalant anesthetic agent at every moment, the anesthetist has an additional tool at hand to better predict anesthetic depth and adjust anesthetic drug administration.
 
 Cardiovascular System Routine monitoring of hemodynamic function must include assessment of rhythm and rate of heart beats and arterial pulses, peripheral blood perfusion, and arterial blood pressure. Simple techniques such as cardiac auscultation, digital pulse palpation, and evaluation of capillary refill time and mucous membrane color may be adequate for foals subject to sedation only or brief periods of anesthesia (30 minutes or less). For longer-duration anesthetic periods and those involving inhalation anesthesia; however, more sophisticated monitoring techniques should be applied. Those entail continuous recording and display of the electrocardiogram (ECG) and measurement of arterial blood pressures, using either a noninvasive [ultrasonic Doppler or an oscillometric (Dynamap or Cardell)] or invasive but more accurate method involving catheterization of a peripheral artery (e.g., facial, transverse facial, auricular, or metatarsal artery). For oscillometric measurements, a cuff that is placed around the base of the tail with a bladder width–to– tail girth ratio of 1 : 2 to 1 : 3 provides the best measurements.65 For invasive blood pressure recordings, the intraarterial catheter is connected via heparinized-saline–filled tubing to a sphygmomanometer or, more commonly, a pressure transducer, which then transmits the signal to an amplifier unit and monitor for continuous display of the pulse waveform and readout of systolic, mean, and diastolic pressures. The use of pulse oximeters with plethysmographic trace display assists in the assessment of peripheral perfusion and hence overall hemodynamic status of the foal. In the critically ill foal, additional hemodynamic monitoring, such as central venous pressure, urine output, and cardiac output recordings, may become necessary or at least offer advantages in assessing the seriousness of cardiovascular function impairment and providing guidance for volume replacement and inotrope and vasopressor treatment aimed at optimizing systemic organ perfusion.63,64 Various minimally invasive techniques have been developed in recent years and found to be appropriate for assessing cardiac output in foals under clinical conditions. One of these is the lithium dilution (LidCO) technique,66 a noninvasive cardiac output technique (NICO) based on the Fick principle and partial rebreathing of CO2,67 and another is an ultrasound velocity dilution technique (UDCO).14 Respiratory System Considering the predisposition of the newborn foal to develop respiratory depression after anesthetic drug administration with subsequent hypoxemia and hypercarbia, routine monitoring of respiratory function under anesthesia is warranted and must include at least observations of respiratory rate and rhythm and mucous membrane color. For anesthestic periods in excess of 30 minutes, involving inhalant anesthetics, performed in a hospital setting, or in animals not breathing gas mixtures high in O2 concentration, continous monitoring of arterial hemoglobin oxygen saturation (SpO2) by pulse oximetry is highly recommended. This is a noninvasive technique and involves placing a clip-type probe on the ear, tongue, or nonpigmented skin or mucosa. Although generally of great clinical value, devicedependent technology and software algorithms, transducer type, placement site, and tissue perfusion at the site of recording markedly influence the accuracy of a pulse oximeter readout. Therefore, pulse oximetry should be supplemented by
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 intermittent arterial blood gas analysis whenever the adequacy of respiratory function is a concern. Capnometry, which is the breath-to-breath measurement of the end-tidal CO2 tension (ETCO2) at the end of expiration, provides a simple, noninvasive method for assessing ventilation. The usefulness of ETCO2 measurements in isofluraneanesthetized foals has been documented.68 The PaCO2 changes proportionately with metabolic activity and hence production of CO2 in the body and inversely with its elimination (i.e., alveolar ventilation). Under physiologic conditions ETCO2 changes with alveolar PCO2 (PACO2) and therefore with PaCO2, with some predictable inaccuracy. An ETCO2 value in excess of 45 mm Hg (hypercapnia) indicates hypoventilation, a value below 35 mm Hg (hypocapnia) indicates hyperventilation. In addition, changes in ETCO2, whether sudden or gradual, may reflect changes in circulatory function (CO) as blood transports CO2 from the periphery to the lungs. Most modern capnometers are equipped with screens that continuously display the ETCO2 concentration over time (capnography), which provides the anesthetist with a valuable tool to recognize anesthetic equipment malfunction and gas flow changes in the airways, such as leaks in the circuit system, kinked endotracheal tubes, airway obstruction, exhausted carbon dioxide absorbent, and incompetent one-way valves. Arterial blood gas analysis is the most accurate technique for evaluation of pulmonary gas exchange and, depending on equipment, allows direct assessment of arterial O2 saturation (measured SaO2), acid-base, and electrolyte status. With the development of portable, cartridge-based analyzers (e.g., Ometech OPTI CCA-TS blood gas analyzer; IDEXX VetStat, i-STAT System) blood gas analysis has become affordable in private practice. Blood Glucose Limited glycogen reserves in the neonate make it susceptible to the development of hypoglycemia during prolonged anesthesia (more than 1 to 1.5 hours). Blood glucose levels below 40 mg/dL may produce deleterious central nervous effects such as seizure activity, cerebral depression, and even permanent neuronal damage,46 all of which are difficult to detect under general anesthesia. Therefore, blood glucose concentrations should be determined on a regular basis throughout a longterm anesthesia by using either bedside glucometers in the operating room or multiparameter laboratory analyzers. Body Temperature Foals, more than adult animals, are susceptible to heat loss because of their high ratio of surface area to body weight, lack of subcutaneous fat depots, and compromised thermoregulation under anesthesia.7,8,37 For this reason, pharyngeal, esophageal, or rectal temperature should be continuously monitored or intermittently measured using either standard thermometers or electronic temperature probes that are connected to a multi parameter monitor for continuous recording.
 
 Fluid Management in the Perianesthetic Period In foals, use of balanced electrolyte solutions with normal strong ion difference (e.g., lactated Ringer, Plasmalyte, Normosol-R) has been recommended to avoid the acidifying
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 effect associated with fluids without strong ion difference such as physiologic saline solution or 5% dextrose in water.33 In the systemically healthy, normovolemic foal undergoing anesthesia, an infusion rate of 7.5 to 10 mL/kg/hr has been reported as adequate to maintain an appropriate circulatory volume.3,7,8 Relative hypovolemia caused by anesthetic drug–induced vasodilation, use of high fresh gas flows causing a greater than normal respiratory loss, evaporative losses, and intraoperative hemorrhage may temporarily justify further increasing the IV fluid rate by up to five times the maintenance rate of 1.5 to 2 mL/kg/hr reported for foals, to a total of 20 mL/kg/hr.32,33 However, the described differences between the neonate and adult in the response to isotonic fluid loading warrant a judicious approach to prolonged high-volume infusion of crystalloids in the neonate.33 In adults, 20% to 50% (depending, in part, on state of hypovolemia and dehydration) of an isotonic fluid load is retained in the intravascular space 30 to 60 minutes after infusion, but this is much lower in the neonate, where fluid rapidly accumulates in the interstitial space and escapes regulatory mechanisms of fluid homeostasis. As a result, neonates retain infused fluids for a long time and do not handle large fluid loads well.33 The situation is further complicated by a decrease in urine output under anesthesia.69 Dehydration and absolute hypovolemia as a result of persistent diarrhea, sepsis, septic shock, or acute hemorrhage require immediate intravenous fluid administration.32,33,70 The previously mentioned balanced electrolyte solutions are adequate fluids whenever volume deficiencies are caused by insensible and isotonic fluid losses and may be administered in volumes of up to 50 to 80 mL/kg, typically given one third at a time followed by reassessment of the foal’s volume status.32,70 They provide rapid extracellular (intravascular and interstitial) rehydration. Colloids, including synthetic solutions (e.g., dextrans, hetastarch, pentastarch) and plasma, may be required if the total plasma protein or albumin concentrations are low and may be used to supplement crystalloid fluid therapy.32,70 Hetastarch in doses of 3 mL/kg at a rate of 10 mL/kg/hr may supplement crystalloid fluid therapy under those circumstances for rapid volume support.64 Alternatively, hetastarch may be administered slowly (0.5 to 1.0 mL/kg/hr) up to a dose of 10 mL/kg/day for treatment in hypooncotic animals.64
 
 Oxygen Supplementation and Mechanical Ventilation Independent of sedation or anesthetic protocol used, supplemental oxygen therapy is principally indicated whenever the SaO2 or SPO2 value in a foal decreases below 90% and the PaO2 value below 60 mm Hg.44 Oxygen may be delivered via face mask, nasal cannula, or a nasotracheal tube and at a rate of 5 to 10 L/min. Preferably, O2 shall be humidified by means of a bubble humidifier to minimize nasal and tracheal mucosal irritation and avoidable water losses in the foal, especially if administered over several hours. In the foal, multiple factors may contribute to severe respiratory depression and impairment of pulmonary gas exchange leading to poor arterial oxygenation and CO2 retention: persistent pulmonary hypertension, drug-induced central respiratory center depression, reduced FRC, exhaustion of respiratory muscles from increased work of breathing, immature lung, lung disease, and airway obstruction.44 Therefore, especially in young
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 foals, ventilatory support is commonly required during general anesthesia as soon as respiratory minute ventilation decreases below 150 to 200 mL/kg/min, significant hypercarbia starts to develop and arterial oxygenation decreases. In spontaneously breathing foals under anesthesia the PaCO2 rises commonly to values in excess of 80 mm Hg. Ventilators designed for use in humans or small animals are suitable for foals up to a body weight of 120 to 150 kg; for larger foals, large-animal ventilators are needed. Among all different modes of ventilation, controlled mandatory ventilation (CMV) is the mode most commonly used during equine anesthesia in general, even in foals. With CMV mode, the ventilator delivers breaths at a preset interval, regardless of any ventilatory effort made by the animal.44 Typical settings to begin mechanical ventilation in the neonatal foal are a tidal volume of 6 to 10 mL/kg; a rate of 20 to 30 per minute; a peak flow of 60 to 90 mL/min; I : E ratio of 1 : 2; and a peak inspiratory pressure of 8 to 12 cm H2O.44 The initial inspired FiO2 value should be set based on the preventilation PaO2 and maybe as low as 0.3 to 0.5. It is not necessary to ventilate foals with 100% O2. All ventilator settings should be dynamically readjusted based on postventilation blood gas results and tailored to the situation of the individual foal.
 
 Recovery Foals should recover in a dry, warm and quiet environment, preferably on a soft mattress suitable for the size of the foal to prevent decubitus injuries.3,7 When the animal resumes spontaneous breathing efforts, it may be positioned in lateral (most frequent) or sternal recumbency and remain intubated at least until it is able to maintain adequate arterial oxygenation (SpO2 more than 90%) and protect its airways. Continuation of endotracheal or nasal O2 insufflation is recommended until the foal has resumed a normal breathing pattern and can maintain adequate arterial oxygenation when breathing room air. When
 
 the animal makes strong attempts to get up, it may be moved into sternal recumbency and then be given assistance at the moment of rising into standing position. The mare should be reintroduced to the foal when the foal is stable and able to stand on its own.
 
 Perioperative Pain Management Pain management should be an integral component of the anesthetic plan and perioperative care. A detailed review of analgesic therapy in horses can be found in Chapter 23. Currently no specific approach to pain assessment in neonatal foals has been described. However, the immaturity of hepatic and renal mechanisms in drug metabolism and elimination during the first 1 to 2 months of life would principally favor the use of locoregional techniques of analgesia and anesthesia over systemic pain therapy. As in adult horses, systemic analgesia in foals relies predominantly on administration of nonsteroidal antiinflammatory drugs (NSAIDs), opioids (primarily butorphanol [Torbugesic, Fort Dodge Animal Health]), and lidocaine.3,71 Table 20-5 lists drug doses. The NSAIDs flunixin meglumine (Banamine),72,73 phenylbutazone (Phenylbutazone USP),74,75 ketoprofen (Ketofen),76 and ibuprofen (Caldolor)77 have been studied in neonatal foals. Data from those studies indicate that clearance of these drugs is significantly slower and volume of distribution larger in the neonate than older foals and adult horses, causing prolonged half-lives. As a result, NSAIDs often need to be administered differently in neonatal foals, compared with adults. Under similar clinical circumstances, flunixin meglumine doses administered in neonatal foals during the first 24 hours of their life may be increased by as much as 1.5 times to induce comparable therapeutic concentrations, but in general, dosage intervals should be increased to avoid drug toxicity, including gingival and gastrointestinal ulceration, hypoproteinemia,
 
 TABLE 20-5.  Systemic Analgesics for Perioperative Pain Management NSAIDs
 
 Opioids
 
 α2-Agonists
 
 Other
 
 Neonate (1 Month or Younger)
 
 Pediatric/Juvenile Foal (1-4 Months )
 
 Flunixin meglumine IV/IM q 24-36 hr 1.4 mg/kg (foal 5 cm seeds placed at 0.75 to diameter or 1.25 cm intervals in a single subcutaneous or double plane invasion Not well defined: 12 Mean radiation dose of = T1 (5 cm diameter) 0.8 to 1.2 cm intervals in a single or double plane Nodular, fibroblastic, 192Ir rods delivering 70 to mixed 90 Gy, in situ for 10 to 14 days
 
 Nodular, fibroblastic, mixed, verrucose Single/superficial verrucose, occult
 
 Implanted 192Ir rods delivering 45 to 70 Gy Strontium plaque wand delivering 100 Gy over 5 days (5 minutes twice daily)
 
 Outcome
 
 Ref.
 
 No recurrence in 12 to 30 months in 3 horses treated for the first time, 9 to 48 months nonrecurrence in 3 animals treated with already-recurrent disease
 
 110
 
 No recurrence in 18 months and 3 years
 
 21
 
 No recurrence in 6 to 41 months, 1 year nonrecurrence 94%
 
 111
 
 Mean nonrecurrence of 49 months, 1 year nonrecurrence 86.6%, 5 year nonrecurrence 74%
 
 100
 
 42 1 year follow-up: 100% no recurrence Long-term follow-up (3 to 14 years): 98% no recurrence Median nonrecurrence 112 rate of 14.5 months 1 to 4 year follow-up: no 42 recurrence at treated site
 
 AW4-LUDES, A Derek Knottenbelt homemade cocktail; BCG, Bacille Calmette-Guérin.
 
 eyelid function is compromised, topical artificial tear supplement ointment should be applied regularly to the corneal surface to prevent corneal desiccation.5 Antibiotics may be required as prophylaxis in the perioperative period or to address active or suspected infection. The hospitalization status and demeanor of the horse along with the results of cytological examination, cultures, and sensitivity testing, if available, will factor into selection of antibiotic class and route of administration. A subpalpebral lavage device is frequently used to deliver liquid topical medications and is particularly helpful in fractious patients. Further discussion of antibiotic selection is provided in Chapter 7 and in current ophthalmology texts.
 
 Systemic anti-inflammatory medications should be considered in the treatment of adnexal disease, particularly following trauma and surgery. Perioperative flunixin meglumine can be administered intravenously, intramuscularly, or orally (maximum dosage 1.1 mg/kg every 12 to 24 hours for approximately 24 to 48 hours, followed by 0.5 mg/kg for up to 5 days).52 Phenylbutazone can be administered intravenously or orally (maximum dosage 4.4 mg/kg every 12 hours for 24 to 48 hours, followed by 2.2 mg/kg every 12 hours for up to 5 days). Systemic nonsteroidal anti-inflammatory drugs (NSAIDs) have been associated with renal and gastrointestinal damage;53 therefore, maximum doses should be used for a short duration, and
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 TABLE 56-4.  Basic Equine Adnexal Surgery Pack Instruments
 
 Use
 
 Backhaus towel clamps Mayo scissors Metzenbaum scissors Suture scissors (any type) Stevens tenotomy scissors (10 cm, straight or curved) No. 64 Beaver blade and/or No. 15 scalpel blade Beaver handle (12.5 cm) and/or Bard-Parker scalpel handle Mosquito forceps Brown-Adson tissue forceps (16 cm) Bishop Harmon forceps (9 cm, 1 × 2 0.5-mm teeth) Cilia forceps Eyelid speculum (Barraquer, Guyton-Park, or Williams) Castroviejo or Jameson caliper Derf needle holder Castroviejo needle holder (14 cm, straight or curved, with or without lock) Irrigation cannula Jaeger lid plate Desmarres chalazion clamp
 
 11
 
 12
 
 2
 
 13
 
 Fine tissue dissection
 
 Fine tissue manipulation Removal of ectopic cilia and distichia after treatment Eyelid retraction Measurement of lesions Manipulation of small needles Lubrication of the corneal surface Protection of cornea during eyelid incision Lid immobilization
 
 4 1
 
 5 6
 
 3
 
 14
 
 15
 
 Quantity
 
 16
 
 17
 
 7
 
 18
 
 8
 
 19
 
 9
 
 4 1 1 1 1 1 1 4 2 1 1 1 1 1 1 2-4 1 1
 
 10
 
 20
 
 Figure 56-6.  Recommended surgical instruments for eyelid surgery. 1, Backhaus towel clamps (4); 2, mosquito hemostats (4); 3, suture scissors; 4, Mayo scissors; 5, Metzenbaum scissors; 6, Stevens tenotomy scissors; 7, Derf needle holder; 8, Castroviejo needle holder; 9, Bard-Parker scalpel handle; 10, Beaver scalpel handle; 11, cilia forceps; 12, Bishop-Harmon forceps; 13, Brown-Adson forceps (2); 14, Jaeger lid plate; 15, calipers (Jameson); 16, irrigation cannula; 17, Bard-Parker blade (No. 15); 18, Beaver blade (No. 64); 19, Desmarres chalazion clamp; 20, eyelid speculum (Guyton-Park).
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 the doses should be reduced as soon as clinically indicated. Particular caution should be used in patients with systemic illnesses such as dehydration.
 
 Surgical Techniques For most adnexal procedures performed under general anesthesia, the horse is placed in lateral recumbency with the nose elevated using foam wedges or sandbags to maintain the palpebral fissure in a horizontal position. The periocular area is clipped and cleaned using a 1 : 50 dilution of 10% povidone-iodine solution (Betadine, Purdue Pharma, Stamford, CT). The conjunctival sac should also be rinsed with similarly diluted povidone-iodine solution and the area subsequently irrigated with sterile physiologic saline. Cotton or paper quarter drapes should be used surrounding the eye, and their size should be sufficient to prevent contamination from the surrounding surgically unprepared skin of the head and neck. A second paper or plastic adhesive fenestrated drape is placed over the quarter drapes.
 
 A
 
 B
 
 Temporary and Permanent Tarsorrhaphy A tarsorrhaphy is indicated to protect the cornea in cases of facial nerve paralysis or in other situations where blinking is impaired (e.g., severe eyelid trauma). Tarsorrhaphy may provide additional support to the cornea following intraocular surgery. Temporary tarsorrhaphy is the most frequently used technique and can be performed under general anesthesia or using standing sedation and local anesthesia. The eyelids should be surgically prepared. Three or four horizontal mattress sutures using 2-0 or 3-0 monofilament nylon are usually placed, starting the sutures in the upper eyelid (Figure 56-7). The eyelid sutures should emerge at the meibomian gland orifices (the “gray line”) so that neither eversion nor inversion of the eyelids occurs, both of which can predispose to corneal abrasion. The medial canthus can be left slightly open to facilitate the application of topical ophthalmic ointments. Plastic tubing or buttons should be used as stents to prevent the sutures from tearing through the eyelid. Partial permanent tarsorrhaphy may be indicated in cases of prolonged facial nerve paralysis. In this procedure, a limited length of the eyelid margins is excised and sutured together, resulting in surgical apposition (Figure 56-8). The procedure otherwise is similar to performing a temporary tarsorrhaphy, although sutures can be removed after 10 to 14 days. If the underlying disease process resolves and the tarsorrhaphy is no longer required, the site of apposition is incised using scissors to restore a normal palpebral fissure. Entropion Entropion is an inward turning of the eyelid. It is uncommon in horses relative to other affected species, but is most frequently seen in foals.54,55 Entropion can be congenital (secondary to microphthalmia or atypical development5) or acquired (secondary to trauma, scarring, dehydration or wasting, phthisis bulbi, or prolonged blepharospasm) and can affect one or both eyelids. The lateral margin of the lower eyelid is most commonly affected. Entropion can result in contact between the haired skin or cilia and the cornea or conjunctiva, causing irritation (trichiasis). The most common presenting signs include ocular discomfort (blepharospasm, lacrimation), keratitis, or
 
 C Figure 56-7.  Temporary tarsorrhaphy. A, Sutures should be preplaced to distribute tension. B, Sutures should be placed at partial thickness, crossing the eyelid margin at the level of the meibomian gland openings. C, Sutures are tied. The use of stents reduces the risk of sutures cutting into the eyelids.
 
 conjunctivitis. Topical lubricants, used as a protective barrier for the cornea, may be sufficient to manage mild transient cases of entropion in foals,54 although some require the placement of temporary everting sutures. EVERTING SUTURES This procedure will temporarily limit corneal irritation secondary to the entropion. If the entropion is persistent, permanent surgical correction may be warranted. Vertical mattress sutures are placed using monofilament nonabsorbable suture (e.g., 2-0 to 4-0 monofilament nylon). To accurately place the sutures, the entropion is everted to a normal position and a single vertical bite of eyelid skin is taken approximately 1 to 2 mm from the eyelid margin (Figure 56-9). A similar vertical bite of distal eyelid skin is taken. The distance between the bites determines the extent of eversion of the eyelid, so this bite should be positioned with care, and the suture must be replaced if insufficient or excessive eversion is achieved once the suture is tied. Sutures should be placed at approximately 0.5-cm intervals along the area of entropion. Care should be taken to ensure that the cut ends of the sutures are not at risk of irritating the cornea, and cyanoacrylate glue can be applied to the knots to ensure they remain in place.52 Sutures are typically removed after 2 to 4 weeks.52 MODIFIED HOTZ-CELSUS PROCEDURE This procedure should be performed when permanent correction is required. In foals, this procedure should be performed as late in life as possible because of the risk of overcorrection resulting
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 A
 
 A
 
 B Figure 56-9.  A, Entropion of the lower eyelid. B, Temporary stay
 
 B Figure 56-8.  Permanent tarsorrhaphy. A, Opposing areas of eyelid margin (approximately 3 mm long) are excised with a No. 11 Bard-Parker scalpel blade. B, Sutures are placed in the areas of excised margin. Sutures should be left in place for 3 weeks to allow eyelid adhesion.
 
 from subsequent growth of the head and face. To effectively plan the extent of surgical correction required, topical anesthetic should be applied and a motor nerve block should be performed to eliminate any spastic entropion related to ocular pain and determine the true extent of the anatomic abnormality.5,56 A Jaeger lid plate can be used to support the eyelid, and helps to improve the accuracy of the incision. An incision is made through the skin and orbicularis oculi muscle, parallel to and approximately 2 to 3 mm from the eyelid margin (Figure 56-10). A second elliptical incision is made proximal to the initial incision, and the skin and orbicularis oculi muscle between the incisions is excised. The distance between the two incisions determines the extent of correction of the entropion. Care should be taken not to remove excessive skin initially, because further skin can be subsequently removed. A slight undercorrection is usually appropriate because scarring will increase correction.5,56 Closure is performed using 4-0 to 6-0 polyglactin 910 suture in a simple-interrupted pattern, with sutures oriented radially away from the cornea. Sutures are placed initially at the widest central portion of the incision to determine the degree of correction. Suture tags should be oriented to prevent contact with the corneal surface. If too little tissue is removed, undercorrection will result in persistent entropion. Ectropion caused by overcorrection can cause exposure keratitis and ulceration.56 Significant eyelid swelling is
 
 sutures for correction of entropion. Vertical mattress sutures are placed perpendicular to the eyelid margin. The initial bite is taken close (2 to 3 mm) to the eyelid margin. Sutures should be preplaced to distribute tension equally. Knots should be placed away from the eyelid margin to avoid contact with the cornea.
 
 A
 
 B
 
 C
 
 D Figure 56-10.  Modified Hotz-Celsus procedure for entropion repair. A, The initial incisions of the skin and orbicularis oculi muscle are made with a scalpel. B, The skin and superficial orbicularis oculi muscle are excised with scissors. C, A single-layer closure, starting at the center, incorporates both skin and orbicularis oculi muscle. D, Postoperative appearance.
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 common after surgery and generally resolves within the first 2 weeks postoperatively. Ectropion Ectropion is an out-turning of the eyelid. This results in increased exposure of the cornea and conjunctival surfaces that may result in corneal desiccation and inadequate distribution of tears. Ectropion is most commonly associated with scar formation secondary to trauma or previous surgery. The V-to-Y–plasty is useful to correct ectropion (Figure 56-11). A V-shaped incision is made in the eyelid skin, proximal to the eyelid margin, and underlying scar tissue is removed. The incision is then closed as a Y, causing the eyelid margin to roll in immediately adjacent to the surgical site, correcting the ectropion.
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 ulceration if untreated. Cilia can be removed under general anesthesia using an operating microscope. The cilia follicle is destroyed, preventing further regrowth using electroepilation or cryotherapy. If cryotherapy is used, a 4-mm probe is placed on the palpebral conjunctival surface, approximately 3 to 4 mm from the eyelid margin (at the base of the meibomian glands). Two freeze-thaw cycles should be completed to maximize destruction of the follicles. Cilia should not be resistant to epilation if effective follicular destruction has been achieved. Cilia too short to be visualized at the time of surgery cannot be treated; therefore the potential for repeated surgeries should be discussed with the owner. Other treatment options include partial tarsal plate excision58 (although significant eyelid scarring can ensue) and for focal areas, wedge excision. Ectopic Cilia
 
 Distichia Distichia are rare in horses and result from aberrant eyelid cilia that emerge from the eyelid margin, usually from the meibomian gland orifices.57 They can cause corneal trauma and
 
 Ectopic cilia are also rare in horses and result from aberrant eyelid cilia emerging through the palpebral conjunctiva, causing considerable corneal irritation. In one series of seven cases, ectopic cilia were most common in the upper eyelid between the 10 o’clock and 2 o’clock positions.59 For ectopic cilia, the treatment of choice is surgical excision.59 The eyelids are immobilized using a Desmarres chalazion clamp, followed by sharp excision of the surrounding conjunctiva, meibomian gland, and cilia follicle en bloc using a Beaver blade (No. 6500). Other treatment options include cryotherapy and electroepilation. Repair of Eyelid Lacerations
 
 Area of ectropion
 
 A
 
 C
 
 B
 
 D Figure 56-11.  V-to-Y correction for ectropion. A, The area of ectropion is identified. B, The V-incision is made with a scalpel. C, The skin flap is elevated, and underlying cicatricial tissue is excised using scissors. D, The skin flap is advanced to relieve skin tension. Closure is performed in a Y pattern.
 
 Eyelid trauma is relatively common because of the exposure of the wide-set equine eye and hazards of confinement management. It should be established whether lacerations are full or partial thickness. The eyelids are highly vascular and will bleed extensively and become edematous following trauma. Cold packs applied to the eye for 10 minutes, four to six times a day can help to reduce swelling if tolerated. Anti-inflammatory and prophylactic antibiotic drugs are frequently indicated. The globe should be carefully examined for other trauma, and careful palpation should be performed to evaluate any orbital or facial fractures. Radiography and other imaging methods (MRI, CT) should be considered for confirmation if fractures are suspected. A thorough evaluation for potential foreign bodies should be performed. Lacerations affecting the medial eyelids may involve the nasolacrimal apparatus. Nasolacrimal patency should be confirmed before closure, and nasolacrimal lacerations should be treated as described later. Lacerations should be thoroughly flushed with a 1 : 50 dilution of 10% povidone-iodine solution followed by sterile physiologic saline before closure. All lacerations should be surgically managed using a two-layer closure, because healing by second intention can create eyelid abnormalities resulting from significant proud flesh and scar formation. Fresh lacerations can be closed immediately but long-standing, potentially infected lacerations should be treated with topical and systemic antibiotics for several days before débridement and closure. Closure can be performed using general anesthesia or with standing sedation and local anesthesia. Débridement of necrotic tissue or extensive granulation tissue is necessary, but excessive débridement should be avoided because of the limited tissue available for closure. Tissue-loss defects affecting less than one third of the eyelid margin can be closed using direct apposition, whereas
 
 SECTION VIII  EYE AND ADNEXA
 
 758 
 
 2 4
 
 3 1
 
 A
 
 A
 
 B
 
 C B
 
 C D Figure 56-12.  Repair of eyelid laceration. A, Minimal débridement is performed. B, Closure is performed in two layers, starting at the eyelid margin to ensure optimal alignment. C and D, Skin closure is accomplished with simple-interrupted sutures (4-0 or 5-0). A figure-of-eight suture pattern is useful for closure of the eyelid margin, because it allows suture placement on the eyelid margin, with placement of the knot away from the globe.
 
 tissue-loss defects affecting more than one third of the eyelid margin or those close to the lateral or medial canthi may require more complex blepharoplasty procedures (see later). Closure should be performed in two layers, by closing the palpebral conjunctiva first, using a simple-interrupted or simplecontinuous suture pattern with 4-0 to 6-0 absorbable suture material, such as polyglactin 910 (Figure 56-12). If the site is infected, nonabsorbable suture material should be used and sutures should be removed after 10 to 14 days. Knots should be positioned away from the palpebral surface of the conjunctiva. The eyelid skin is closed in a simple-interrupted pattern, starting at the eyelid margin to ensure appropriate margin apposition and healing. A figure-of-eight suture pattern (see Figure 56-12 and Figure 56-13) is useful to prevent the suture tags from abrading the cornea. The rest of the eyelid skin is sutured in a simple-interrupted pattern. AFTERCARE A protective eye mask with a hard cup may be necessary to prevent rubbing postoperatively. If an eye mask is not adopted, a fly mask should be used until healing is complete.
 
 D Figure 56-13.  The figure-of-eight suture pattern for optimal eyelid margin apposition. A, Lateral view. The suture is placed in the numerical order shown, maintaining equal distances with each suture bite. B, View from above, illustrating the placement of the suture at the gray line in the eyelid margin (white arrows). C, Lateral view. The suture is tied and suture tags are positioned away from the corneal surface. The rest  of the laceration can be closed using simple interrupted skin sutures.  D, Shown from above, demonstrating apposition of the eyelid margin.
 
 Alternatively, fly repellent ointment can be applied to the skin adjacent to the surgical site.5 Significant eyelid swelling is common after surgery (Figure 56-14) and generally resolves within the first 2 weeks postoperatively. Reconstructive Blepharoplasty Techniques More extensive eyelid lacerations or closure of large defects following removal of neoplasia (removal or loss of greater than one third of the eyelid margin) warrant reconstructive
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 Figure 56-14.  A, Example of an eyelid laceration before repair in a horse. B, A two-layer closure was performed in the upper palpebral conjunctiva and palpebral skin using absorbable suture material. Wound dehiscence is a risk because of extensive vascular injury.
 
 expected wound contracture. Small triangular portions of skin (Burow’s triangles) are excised at the base of the vertical incisions (see Figure 56-15, A). These triangles allow closure without skin folds (dog-ears) and help to distribute tension; they should approximate half to the full height of the vertical incision. The surrounding skin, skin flap, and conjunctiva are undermined using blunt dissection, and the skin flap is advanced to the eyelid margin (see Figure 56-15, B). Wound contracture should be anticipated, and a slight initial advancement and fixation of the flap past the eyelid margin may provide a better ultimate cosmetic result. The flap is sutured to the conjunctiva at the eyelid margin and to the adjacent skin in a simple continuous pattern using 4-0 to 6-0 absorbable suture (polyglactin 910) (see Figure 56-15, C). A temporary tarsorrhaphy may provide additional support during healing.
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 Figure 56-15.  Sliding skin flap to repair eyelid defects. A, Proportions of incisions should be ab = bc = cd = de. B, Equilateral triangles of skin are excised, as is the affected portion of eyelid. The skin flap and adjacent skin are undermined with scissors. Adjacent conjunctiva is mobilized and closed with absorbable suture (polyglactin 910 [6-0 Vicryl]). C, The skin flap is advanced, and the leading edge of the flap is sutured to the conjunctiva and skin.
 
 blepharoplasty to approximate normal eyelid conformation. This type of surgery frequently warrants general anesthesia. SLIDING SKIN FLAP A frequently used blepharoplasty technique is the sliding skin flap (Figure 56-15). Following neoplasia excision or débridement of lacerations, vertical incisions are made in the eyelid skin that extend in height approximately twice the width of the eyelid defect. Slightly diverging incisions compensate for some
 
 CONJUNCTIVAL ADVANCEMENT FLAP In cases of neoplasia or trauma with extensive conjunctival involvement, a conjunctival advancement flap from the opposing eyelid may be required (Figure 56-16). A sliding skin flap is created as detailed previously (see Figure 56-16, A). Palpebral conjunctiva from the opposing eyelid is incised approximately 2 to 3 mm from the eyelid margin, measuring the same width as the eyelid defect, and vertical incisions are made toward the conjunctival fornix (see Figure 56-16, B). The conjunctival flap is sutured to the remaining conjunctiva in the eyelid defect (see Figure 56-16, C). Closure of the sliding skin flap is as previously described. A temporary tarsorrhaphy is required to alleviate tension on the conjunctiva. A second procedure is performed to transect the base of the conjunctival flap and remove the tarsorrhaphy, approximately 1 month following the initial surgery (see Figure 56-16, F). This procedure can generally be performed on the standing, sedated horse using local anesthesia. FULL-THICKNESS EYELID GRAFT A full-thickness eyelid graft may be required for extensive lesions of the eyelid skin, where sufficient skin cannot be elevated using a sliding skin flap (Figure 56-17). This technique is
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 Figure 56-16.  Tarsoconjunctival advancement flap. A, A skin advancement flap is prepared as in Figure 56-15. B, Conjunctiva of the upper eyelid opposite the defect is incised 3 to 4 mm from the eyelid margin and is undermined to create a flap. C, The conjunctival flap is advanced and sutured into the defect. D, The skin flap is advanced and sutured in place. E, A temporary tarsorrhaphy relieves tension on the flaps. The use of stents helps to distribute tension. F, After 4 weeks, the tarsorrhaphy is removed and the conjunctival flap is severed at the level of the eyelid margin. The conjunctiva and skin are apposed with a continuous pattern of 6-0 or 7-0 absorbable suture.
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 Figure 56-17.  Full-thickness eyelid graft. A, The area of affected lower eyelid is excised. B, The upper eyelid is excised 5 mm above the eyelid margin opposite the defect. C, The graft is split into skin and tarsoconjunctival layers. The graft is advanced under the eyelid margin and sutured in place. D, The bridging eyelid margin is sutured to the graft. A temporary tarsorrhaphy alleviates tension on the graft. E, After adequate healing has occurred, the graft is severed along the intended eyelid margin. F, The conjunctiva and skin are apposed along the eyelid margin with a continuous suture pattern. The skin flap is sutured to the bridge to complete the closure.
 
 easier to perform on a lower eyelid defect using the more mobile and extensive upper eyelid as the donor tissue. A sliding skin flap of the lower eyelid can provide partial closure of the defect to be grafted. The width of the graft should be 1 to 2 mm larger than the width of the defect in the opposing eyelid margin. The donor eyelid is incised approximately 5 mm from the eyelid margin (to spare the meibomian glands) (see Figure 56-17, B). The flap should be split into skin and muscle, and tarsoconjunctival portions to aid mobility of the tissue. The tarsoconjunctival portion of the graft is sutured to the conjunctival defect in the lower eyelid using a simple-continuous suture of 6-0 polyglactin 910 (see Figure 56-17, C). The skin portion of the graft is sutured to the lower eyelid skin defect using 4-0 nonabsorbable suture (e.g., monofilament nylon) (see Figure 56-17, D). The bridge in the upper eyelid is sutured to the graft to prevent retraction, and a temporary tarsorrhaphy is placed. In a second procedure, the flap is transected along the new eyelid margin (see Figure 56-17, E), and the lower eyelid conjunctiva and skin are sutured using 6-0 absorbable suture material (polyglactin 910) in a simple-continuous pattern (see Figure 56-17, F). The donor flap is sutured back within the upper eyelid. RHOMBOID GRAFT FLAP Rhomboid and modified rhomboid flaps are used to treat large periocular skin defects in human patients.60 A large periocular or eyelid margin defect can be grafted by generating a rhombus, or equal-sided parallelogram, which can be rotated to cover the eyelid defect (Figure 56-18). The rhombus can be constructed as a square, or with sides at approximately 60 and 120 degrees. Once the defect is created, two incisions are made in the distal eyelid skin to form two additional sides of the rhombus (see Figure 56-18, B). The skin is undermined using blunt dissection and the rhombus is rotated 90 degrees to fill the defect (see Figure 56-18, C). Conjunctiva from the distal palpebral or bulbar surfaces should be advanced to the new eyelid margin. Simple interrupted or simple continuous sutures of 4-0 to 6-0 absorbable suture material are used to suture the conjunctiva to the new eyelid margin and to suture the graft in place (see Figure 56-18, D). SLIDING Z FLAP Mass excision or tissue loss at the lateral canthus can be reconstructed using a sliding Z flap (Figure 56-19). The lesion should be fully excised or débrided, and the surrounding skin and tarsoconjunctiva should be separated using blunt dissection (see Figure 56-19, B). Triangles of skin are excised superior and inferior to the defect (see Figure 56-19, C). The skin is advanced to cover the defect. The new portion of eyelid margin is created by suturing skin and conjunctiva together using 4-0 to 6-0 absorbable suture material (polyglactin 910). The remaining skin is sutured in a similar manner (see Figure 56-19, D). OTHER RECONSTRUCTIVE PROCEDURES Numerous alternative blepharoplasty procedures with potential application to equine cases can be found in ophthalmology textbooks.52,61-64
 
 NICTITATING MEMBRANE Anatomy and Physiology The third eyelid (i.e., nictitating membrane, membrana nictitans) is a mobile protective structure covered by conjunctiva
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 D Figure 56-18.  Rhomboid graft flap. A, The rhomboid is aligned with one side along the position of the eyelid margin. Sides of the rhomboid are equal. The replacement flap is incised on a line (A1) continuous with the diagonal of the rhomboid, for a distance equal to the sides of the rhomboid. The second incision (A2) is also equal in length and is placed parallel to the side of the rhomboid. B, The lesion is excised and conjunctiva is mobilized to cover the replacement flap. C, The flap is dissected free from underlying tissue and rotated into position. D, The flap is sutured in position with the leading edge forming the new eyelid margin. (Angles 1 and 2 are indicated on B and D to aid in orientation.)
 
 located in the inferomedial orbit between the lower eyelid and the globe. This structure is well developed in the horse and moves passively in a temporal and superior direction to cover the anterior surface of the eye with the contraction of retrobulbar muscle (abducens nerve, CN VI) and retrograde movement of the globe. The third eyelid can protrude to cover the majority of the corneal surface.65 The third eyelid has a number of functions including the production of a portion of the aqueous layer of the tear film via the nictitans gland and the distribution of tears via passive movement across the globe following globe retraction. Others have suggested that the equine third eyelid provides globe protection, particularly while grazing,3,63 and has a role in
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 Figure 56-20.  A schematic diagram of the histologic features of the third eyelid.
 
 D Figure 56-19.  Sliding Z flap. A, Growths of the lateral eyelid can be removed en bloc. The triangular areas of skin to be removed adjacent to the defect are marked. Excision of these flaps facilitates skin mobilization. (The bases of the triangles align with the diagonal of the defect.) B, Adjacent skin is undermined. C, Equivalent triangles of skin are excised. (Cut edges A, A′, B, and B′ are shown to aid in orientation for advancement of the flap.) D, The flap is advanced and sutured in place.
 
 immunologic protection including the secretion of immunoglobulin A.66 Structural support of the third eyelid is provided by a T-shaped cartilage, in which the horizontal margin of the T is positioned close to the leading edge of the third eyelid (Figure 56-20), and both ends have a characteristic hook shape.67 The cartilage contains a substantial elastic component67 and its shape closely matches the curvature of the globe. The vertical base of the cartilage is surrounded by a large amount of fat and the seromucoid gland of the nictitans. The surfaces of the third eyelid are covered with conjunctiva, containing mucus-secreting goblet cells and intraepithelial glands at the base. The bulbar substantia propria of the third eyelid contains lymphoid tissue.
 
 Sensory innervation is provided by the infratrochlear nerve, a branch of the ophthalmic division of the trigeminal nerve (CN V).3,67 Retraction of the third eyelid is partially controlled by sympathetic tone in the orbital smooth muscles; loss of tone results in the protrusion that accompanies Horner’s syndrome and associated enophthalmos. Vasculature is supplied by the malar artery, a branch of the internal maxillary artery.3
 
 Ophthalmic Examination Techniques and Diagnostic Procedures In the investigation of third eyelid abnormalities, a systematic approach to diagnosis should always be adopted, including a full bilateral ophthalmic and systemic examination. Particularly important is the palpation of regional lymph nodes if third eyelid masses are noted. In cases of corneal or conjunctival disease, the third eyelid should be carefully examined to rule out any contributing lesions. Manual retropulsion of the globe through the superior eyelid causes protrusion of the nictitating membrane, allowing examination of the palpebral surface and leading edge. Topical anesthetic drops and sedation restraint may be required to examine the bulbar surface closest to the globe (see “Eyelids,” earlier). Forceps that cause minimal tissue trauma (such as Von Graefe fixation forceps) can be used to retract the third eyelid and examine the deep conjunctival fornices and the bulbar surface. The bulbar surface should be examined if a foreign body is suspected or in suspected cases of conjunctival parasites (e.g., Thelazia spp.). Digital palpation may also be necessary to fully evaluate the extent of any observed masses.
 
 
 
 CHAPTER 56  Adnexal Surgery 
 
 Diagnostic procedures such as cytology, fine needle aspiration, biopsy, and bacterial culture and sensitivity testing should be considered as necessary.
 
 Anesthetic Considerations Most third eyelid procedures can be performed on the standing, sedated horse, although general anesthesia can be performed if deemed necessary. The sensory infratrochlear nerve block provides anaesthesia to the third eyelid and can be used in combination with topical anesthesia. However, topical and local anesthesia will not desensitize the deep portions of the third eyelid; therefore, an additional retrobulbar block should be considered (see Chapter 55) when removing the third eyelid or making deep incisions or crushing tissues. A line block of local anaesthetic at the base of the third eyelid can provide additional anesthesia when performing removal or biopsy.
 
 Required Surgical Equipment Table 56-5 outlines some additional equipment that may be useful when performing third eyelid surgery.
 
 Surgical Techniques Third Eyelid Flap There are limited indications for the use of a third eyelid flap. Unlike conjunctival pedicle grafts, third eyelid flaps cannot replace or support damaged corneal stroma and do not provide any serum-derived factors that assist in corneal healing. Corneal bullae can develop secondary to extensive corneal edema, and a third eyelid flap can provide tamponade of the cornea while facilitating treatment application to the conjunctival sac. Other indications include physically supporting a weakened cornea following a conjunctival graft, reducing contamination of an injured cornea, or reducing evaporative tear film loss secondary to exophthalmos or facial nerve paralysis.56 Flaps are typically contraindicated in cases of deep ulceration or corneal melting, because they may prevent appropriate penetration of topical medications and promote the retention of inflammatory cells and bacteria adjacent to the corneal surface.68 The flap also obscures visual examination of the cornea and prevents evaluation of progression or healing, unless sutures are placed to facilitate sporadic lowering of the flap. A flap is placed either under general anesthesia or standing sedation and local anesthesia. A single suture of 2-0 to 3-0 nonabsorbable material is inserted from the haired skin of the upper eyelid into the upper conjunctival fornix. A bite is taken
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 from the palpebral surface of the third eyelid, approximately 4 to 5 mm from the leading edge, taking care not to penetrate the full thickness of the bulbar surface. Because sutures can tear through conjunctiva, encircling the T-cartilage of the third eyelid helps to retain sutures. The final bite of suture enters the upper conjunctival fornix and exits the haired skin of the superior eyelid. Alternatively, three or four horizontal mattress sutures may be used. Stents of buttons or polyethylene tubing should be used to prevent damage to the eyelid skin. The suture tags can be tied and left long to allow the flap to be sporadically lowered. A subpalpebral lavage device can be placed at the same time the third eyelid flap is constructed. COMPLICATIONS The cartilage of the third eyelid can become permanently deformed, causing corneal abrasion, and in severe cases this warrants third eyelid removal.56 If stents are not used, ulceration of the skin around the sutures can be severe. If inappropriately placed, the suture can cause additional damage to the cornea. Excision of the Third Eyelid The third eyelid is a common site of adnexal neoplasia, and it is particularly susceptible to the development of squamous cell carcinoma.24,30,31,36 Squamous cell carcinoma often initially appears as an area of hyperemia, becoming raised and in some cases developing a papillomatous appearance (Figure 56-21). Tumors of vascular origin, including hemangioma, hemangiosarcoma69-71 and lymphangiosarcoma72 have also been described. Hemangiomas and hemangiosarcomas often result in a hemorrhagic ocular discharge.70,71 Other neoplasms reported include basal cell tumor73 and lymphsarcoma.23,74 Excision is the treatment of choice for confirmed or suspected neoplasms affecting the third eyelid. A success rate of
 
 TABLE 56-5.  Additional Instruments Particularly Useful for Equine Third Eyelid Procedures Instruments
 
 Use
 
 Large curved hemostat forceps
 
 Crushing of edges of third eyelid before removal Third eyelid retraction Stents for third eyelid flap
 
 Allis tissue forceps Sterilized buttons/ sections of plastic tubing
 
 Quantity 4 2-4 4 Figure 56-21.  Typical verrucose appearance of a squamous cell carcinoma affecting the leading edge of the nictitating membrane.
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 approximately 90% has been previously reported using surgical excision alone,30,36,75 although adjunctive therapies such as gamma- or beta-irradiation have been described in a small number of cases with limited effects on recurrence rates.30 A recent study has shown that topical mitomycin C (0.2 mL of 0.04% formulation every 6 hours in 1-week cycles) can be effective alone or in combination with surgical excision.76 Cryotherapy alone or as an adjunct to surgical excision should be avoided in cases of squamous cell carcinoma, because it has been shown to increase the risk of local tumor recurrence by 2.5 times.30 If the tumor extends beyond the third eyelid, alternative or additional surgical and adjunctive therapies may be necessary. Partial excision is not recommended because of the recurrence risk75 and the cut edge of the third eyelid cartilage can abrade the cornea. Excision can be performed under general anesthesia but is more commonly performed on the standing, sedated horse with local anesthesia.75 A combination of auriculopalpebral, infratrochlear, and zygomatic nerve blocks; local infiltration; and topical analgesics usually provide adequate analgesia (Figure 56-22), although a retrobulbar block may be required to provide additional analgesia (see Chapter 55). The third eyelid is grasped on the T-cartilage using Allis tissue forceps and elevated. Large hemostatic forceps are advanced from the medial and lateral edge along the base of the third eyelid until the tips are apposed proximal to the gland of the nictitans. All tissue superficial to the hemostatic forceps including the T-cartilage and gland are removed en bloc using scissors or a scalpel blade. The hemostats are removed after 1 to 2 minutes. The cut edges of conjunctiva can be sutured together
 
 using 5-0 or 6-0 polyglactin 910 in a simple-continuous pattern to reduce the risk of orbital fat prolapse.56 All tissue removed should be submitted for histopathologic examination for determination of tumor type and surgical margins. AFTERCARE Topical antibiotic (with or without a steroid) ointment should be applied to the eye for 5 to 7 days following surgery. Flunixin meglumine administration for the first 3 to 5 days will reduce inflammation and discomfort. Although the nictitans gland is removed when excising the third eyelid, very few equine eyes develop tear production deficits,75 and long-term lubricants are not usually required. COMPLICATIONS Complications are rare but include orbital fat prolapse, keratoconjunctivitis sicca, and superficial keratitis.56 The absence of a third eyelid can impair globe protection and result in mild chronic ocular irritation and discharge.56 Lacerations Lacerations affecting the third eyelid should be treated surgically to reappose the edges of conjunctiva and restore the margin of the third eyelid. Apposition of the margin should precede proximal sutures, because inappropriate apposition may result in scarring and corneal trauma. Sutures of 6-0 or 7-0 polyglactin 910 should be placed emerging from the palpebral surface. Sutures of the bulbar conjunctiva should be placed
 
 A
 
 C
 
 B
 
 D
 
 Figure 56-22.  Surgical removal of the third eyelid. A, Local anesthetic is injected at the base of the third eyelid. B, The nictitating membrane is lifted from the fornix with forceps. C, Two hemostats are placed across the base of the third eyelid. D, The third eyelid is excised along the two hemostatic forceps.
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 Figure 56-23.  Methyl methacrylate cast of the left C
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 carefully to avoid contact of suture material with the cornea. Any exposed cartilage should be covered by conjunctiva, particularly on the bulbar surface of the third eyelid.
 
 NASOLACRIMAL SYSTEM Anatomy and Physiology Preocular Tear Film The preocular tear film covers the cornea and conjunctiva and has three components. The outer lipid component is derived from the meibomian (i.e., tarsal) glands and the sebaceous glands of Zeis within the eyelids. The middle aqueous layer is predominantly derived from the lacrimal gland situated in the dorsolateral orbit (between the zygomatic process of the frontal bone and the eye). The secretions from the lacrimal gland enter the lateral part of the superior conjunctival fornix. Smaller contributions to this layer are produced by the gland of the third eyelid (i.e., nictitans gland) and the accessory lacrimal glands of the eyelids. The inner mucinous layer is derived from the conjunctival goblet cells and intraepithelial glands within the conjunctiva. The tear film has many functions including flushing foreign material, lubricating the eye to facilitate the movement of the eyelids and third eyelid, maintaining a refractive corneal surface, delivering nutrients to the cornea and conjunctiva, and facilitating immune protection. In the normal equine eye, a complete recycling of tear volume occurs approximately every 7 minutes.77 The lacrimal lake results from flow of tears across the cornea following blinking and forms along the leading edge of the lower eyelid and adjacent to the inferior edge of the lacrimal caruncle and third eyelid. Nasolacrimal Drainage System Horses possess both superior and inferior lacrimal puncta (see Figure 56-1, C). Each punctum is a horizontal slit in the palpebral conjunctiva approximately 2 mm in length. The lower
 
 nasolacrimal duct of a horse. The medial bony orbit and medial wall of the lacrimal canal have been removed. A, Lacrimal sac. B, Course of the duct within the lacrimal bone. C, Narrowing of duct lumen before exiting lacrimal bone. D, Exit of duct from lacrimal bone. E, Compression of duct by cartilage within alar fold. F, Cast within the basal fold. (Reproduced with permission from Latimer CA, Wyman M, Diesem CD, et al: Radiographic and gross anatomy of the nasolacrimal duct of the horse. Am J Vet Res 45:451, 1984.)
 
 punctum is generally larger, closer to the medial canthus, and farther from the eyelid margin.78 Tear drainage into the puncta occurs via capillary action and blinking. The nasolacrimal system begins with a pair of nasolacrimal canaliculi connecting the puncta with the nasolacrimal sac. The sac is often poorly defined in horses and lies within the lacrimal fossa of the lacrimal bone. The nasolacrimal duct measures approximately 29 to 33 cm long79 and passes through the lacrimal canal within the lacrimal bone and maxilla. The duct is narrowest as it exits the lacrimal canal (Figure 56-23).78,79 When performing maxillary trephination or evaluating trauma to this region, the course of the nasolacrimal duct may be predicted by drawing a line from the medial canthus to the infraorbital foramen.78 After exiting the lacrimal canal, the duct continues within the lacrimal groove of the maxilla beneath the mucous membrane of the middle nasal meatus.2 It continues within the basal fold of the ventral nasal concha, where the duct wall becomes irregular as it passes through the vascular plexus of the basal fold. It courses over the nasal process of the incisive bone to end near the mucocutaneous junction in the ventral nasal meatus at the nasal ostium, which is 3 to 4 mm in diameter and visible clinically (Figure 56-24). The nasolacrimal duct may contain blind-ending branches into channels that may not reach the nasal ostium.
 
 Examination Techniques In the investigation of nasolacrimal system abnormalities, a systematic approach to diagnosis should always be adopted, including a full ophthalmic and systemic examination. Keratoconjunctivitis sicca is rare in the horse. When it is present, the neurogenic form is most common and is often seen in combination with facial and/or trigeminal nerve paralysis.80 A complete description of the investigation of dry eye conditions is beyond the scope of this text. However, when investigating corneal surface abnormalities, a Schirmer tear test (Schirmer tear test strips, Schering-Plough Animal Health, Kenilworth, NJ), fluorescein staining, and rose bengal staining should
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 Figure 56-24.  Identification and catheterization of the nasal ostium. A, The nasal ostium is visible in the ventral nasal meatus close to the mucocutaneous junction (white arrow). B, Distal catheterization using a 5-French rubber urinary catheter facilitates retrograde flushing of the nasolacrimal system.
 
 be considered part of the ophthalmic diagnostic workup. A Schirmer tear test value of less than 10 mm/min is considered abnormal in horses and ponies.81 The administration of any topical drops such as tropicamide affect Schirmer tear test values.82 Cytology and bacterial culture and sensitivity testing should be considered in suspected cases of dacryocystitis. The most straightforward method to evaluate nasolacrimal system patency is to assess the passive drainage of fluorescein to the nasal ostium by instilling fluorescein stain (wet fluorescein strips or single-use vials containing 2% fluorescein) into the conjunctival sac.54 Positive drainage confirms nasolacrimal patency. A more-invasive method is to perform nasolacrimal cannulation via the upper and lower puncta (see Figure 56-1, C). Sterile disposable cannulas or reusable autoclavable cannulas can be used for cannulation, which can be performed under topical anesthesia on the standing, sedated horse if necessary. Minimal force should be required to achieve drainage through the nasal ostium. The use of fluorescein solution as the flushing medium aids in the positive diagnosis of patency. Retrograde flushing techniques can also be performed using a 5- to 6-French pliable urinary catheter (see Figure 56-24, B).
 
 Diagnostic Procedures Dacryocystorhinography Radiographic methods of dacryocystorhinography have been described that involve cannulating the upper lacrimal punctum and injecting viscous contrast medium before radiography (Figure 56-25).78,83 This technique has been described in the standing horse. Even in unilateral disease, it is advantageous to perform the technique on both nasolacrimal ducts to provide an internal control. Recent work has demonstrated that the nasolacrimal duct of the horse can be evaluated using CT dacryocystorhinography (Figure 56-26).84 This technique requires general anesthesia and positioning the horse in dorsal or sternal recumbency. About 5 mL of iodinated contrast medium is injected retrogradely through the nasal ostium.
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 Figure 56-25.  Normal right lateral equine dacryocystorhinogram illustrating the anatomical features shown in Figure 56-23. A, Lacrimal sac. B, Course of the duct within the lacrimal bone. C, Mild narrowing of duct lumen before exiting lacrimal bone. D, Exit of duct from lacrimal bone. E, Compression of duct by cartilage within alar fold. (Courtesy Dr. Anthony Pease.)
 
 Endoscopy Endoscopic evaluation of the nasolacrimal duct has been described in adult horses.79 The portion of the duct within the lacrimal bone is difficult to examine using this method. This procedure may be useful for collecting samples in cases of dacryocystitis or aiding the diagnosis and removal of foreign bodies or dacryoliths.
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 Figure 56-26.  Transverse computed tomography dacryocystography scan of an equine skull at the level of the caudal maxillary sinus. There is a fracture of the left maxilla with adjacent soft tissue swelling (arrowhead). No disruption of the nasolacrimal duct is evident (arrow). The inset is a close-up of the nasolacrimal canal and duct. (Reproduced with permission from Nykamp SG, Scrivani PV, Pease AP: Computed tomography dacryocystography evaluation of the nasolacrimal apparatus. Vet Radiol Ultrasound 45:23, 2004.)
 
 B Figure 56-27.  A catheter is sutured to the periorbital skin (A), and skin of the nostril (B) after cannulating and surgically opening an imperforate nasolacrimal duct.
 
 Anesthetic Considerations Topical anesthesia and standing sedation is useful as described earlier. For additional analgesia, a cotton-tipped applicator soaked in proparacaine can be applied directly onto the nasolacrimal puncta for 2 to 5 minutes before proceeding to its cannulation.
 
 Required Surgical Equipment Cannulas and catheters for cannulation of the nasolacrimal duct are useful. Standard single-use plastic cannulas and autoclavable steel cannulas are available. For cannulation of the nasolacrimal system to correct nasolacrimal punctal atresia, cardiac catheters of various sizes are useful (No. 4 to 6). A round-tipped, eyed pigtail probe (modified Worst probe) is effective in facilitating the placement of a silicone-tubing stent to treat lacerated nasolacrimal canaliculi.85
 
 Surgical Techniques Imperforate Puncta The most common defect of the nasolacrimal system in the horse is an imperforate distal nasal punctum.86 Other abnormalities include imperforate proximal lacrimal puncta within
 
 the eyelids and atresia or agenesis of the duct,87 which should be ruled out by clinical examination, cannulation and flushing of the nasolacrimal system, and/or diagnostic imaging techniques. Clinical signs of epiphora or mucopurulent ocular discharge are typically first reported by owners in animals ranging from birth to 1 year of age.54,86 Anomalous supernumerary openings of the nasolacrimal system have also been reported.88 Treatment of imperforate nasal puncta can usually be performed on the standing, sedated horse. The nasolacrimal duct can be filled with sterile physiologic saline with the addition of dilute fluorescein dye to aid visualization. The mucosa overlying the bleb of fluid within the nasal passage can be incised using a scalpel blade. Alternatively, a catheter (5- to 6-French silicone male urinary catheter86) can be inserted into the upper lacrimal puncta and passed down the duct, and the incision can be made over the palpable end of the catheter. The portion of catheter emerging from the lacrimal puncta should be sutured to the skin of the face (Figure 56-27). The distal portion of catheter can be sutured to the nose or lip or passed through the lateral wall of the nostril86 (see Figure 56-27, B). The catheter is typically maintained in place for 2 to 4 weeks.
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 Lacerations
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 Lacerations of the nasolacrimal system occur most commonly at or near the eyelid margin. Surgical correction is indicated to prevent inappropriate healing or scarring, resulting in blockage of the canaliculus or punctum and resultant epiphora. The repair of nasolacrimal punctal lacerations have been well described in human texts, although no reports for equine nasolacrimal lacerations were found. A blunt-tipped, eyed pigtail probe is inserted into the unaffected punctum and fed until it exits from the severed end of the canaliculus (Figure 56-28).85 A 6-0 polypropylene suture is placed in the eye of the probe, which is then retracted to draw the suture through to the unaffected punctum. The probe is passed through the punctum of the lacerated canaliculus and the suture is again drawn through to exit from this punctum. A silicone stent tube is passed over the suture (the tube cannulates both nasolacrimal canaliculi and puncta) from the unaffected side. The suture material can be tied, maintaining the silicone tubing in place, or it can be removed and the ends of the tube can be sutured together. The canaliculus and eyelid skin are sutured using 6-0 polypropylene. The tube is sutured in place and left for 4 to 6 weeks to maintain patency as the canaliculus heals.91 Topical and/or systemic antibiotics should be administered in the postoperative period.
 
 REFERENCES
 
 D E Figure 56-28.  Repair of the severed lacrimal canaliculus. A, Laceration of the lower eyelid, severing the lacrimal canaliculus. B, A 2-0 nylon suture is passed through the nasolacrimal duct and exits through the wound. A Worst probe is passed through the ventral punctum and draws the suture through the distal portion of the severed canaliculus. C, A fine silicone tube is cut to a taper, tied to the suture, and pulled through the canaliculi. D, The canaliculus and wound are sutured with 6-0 nylon silk. E, The tubing is sutured to the skin of the eyelid and at the nasal end. It is left in place for 3 weeks.
 
 Atresia of either the upper or lower lacrimal punctum can be treated by cannulation of the patent lacrimal punctum and using a scalpel blade to incise tissue over the bleb created. A silicone stent can be placed to aid healing. Canaliculorhinostomy may be a surgical alternative for atresia or agenesis of substantial portions of the distal nasolacrimal duct.89 An 18-gauge, 1.5-inch needle is used to drill into the rostral maxillary sinus, using the lower eyelid canaliculus as a guide; 60-gauge fishing line is used to create a retention stylette that remains in place for at least 1 month. Another method of conjunctivorhinostomy is to create a stoma between the inferior conjunctival fornix and the maxillary sinus.90 With both of these procedures, there is a risk of strictures forming in the artificial stoma over time.
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 Surgery of the Ocular Surface Matthew J. Annear and Simon M. Petersen-Jones
 
 ANATOMY AND PHYSIOLOGY The ocular surface consists of the cornea and conjunctiva. The clear cornea allows light to enter the eye and is continuous with the sclera, forming the outermost fibrous wall of the globe. The junction between the cornea and the sclera is termed the limbus, and at this site the epithelium of the cornea transitions into conjunctival epithelium. The bulbar conjunctiva overlies the sclera of the globe, over which it is relatively mobile. The conjunctiva is reflected at the fornices to line the third eyelid and the inner aspect of the eyelids where it is termed the palpebral
 
 conjunctiva (Figure 57-1). Beneath the bulbar conjunctiva lies loose connective tissue, Tenon’s capsule (a thin fascia enveloping the eyeball), and the episclera.
 
 Conjunctiva Structure and Function The conjunctiva is a thin mucous membrane, the bulbar component of which is typically pigmented because of the presence of melanin. It has a nonkeratinized stratified columnar to
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 vessels. Venous drainage is via the palpebral veins and superior and inferior ophthalmic veins. The bulbar conjunctiva is innervated by the long ciliary branches of the ophthalmic division of the trigeminal nerve. The superior palpebral conjunctiva is innervated by the frontal and lacrimal branches of the ophthalmic division of the trigeminal nerve, whereas the inferior palpebral conjunctiva is innervated by the both the lacrimal branch of the ophthalmic nerve and the infraorbital branch of the maxillary division of the trigeminal nerve.4 Response to Injury
 
 d
 
 e
 
 Figure 57-1.  Areas of the conjunctiva. a, Fornix; b, palpebral conjunctiva; c, bulbar conjunctiva; d, bulbar conjunctiva of the third eyelid; e, palpebral conjunctiva of the third eyelid.
 
 cuboidal epithelium, which is interspersed with goblet cells and surrounded on the palpebral and bulbar margins by a stratified squamous epithelium.1 The substantia propria of the conjunctiva consists of two layers: the superficial adenoid layer that contains the lymphoid tissue and a deeper fibrous layer that contains the nerves and blood vessels. The conjunctiva plays three important roles. It facilitates movements of the globe and eyelids by the relatively loose attachments of its substantia propria to the underlying tissues. It provides an important line of defense through its role as a physical barrier, and more specifically by the presence of conjunctiva-associated lymphoid tissue that plays a significant role in the immune response to environmental antigens.2 This conjunctivaassociated lymphoid tissue has also been shown to contribute to corneal immune protection.3 Finally, goblet cells within the conjunctival epithelium produce mucus that is a principal component of the precorneal tear film, essential for maintenance of a clear cornea. Lymphatics, Vasculature, and Innervation The conjunctiva contains aggregates of lymphoid follicles, most numerous in the conjunctival fornices and on the bulbar aspect of the third eyelid. The lymphatics drain toward the commissures of the eyelids, with the lateral commissures draining to the parotid lymph nodes and the medial regions draining to the submandibular lymph nodes. The conjunctival arterial supply is derived from the anterior ciliary arteries, which are branches of the ophthalmic artery, and the vascular arcades of the eyelids are derived from the ophthalmic artery medially and the lacrimal artery laterally. These vessels terminate as small radiating superficial conjunctival
 
 Because of its dense vasculature and prominent lymphatics, the conjunctiva responds rapidly to ocular surface injury or disease by becoming hyperemic and edematous. Swelling of the conjunctiva can be so extensive that it causes the conjunctiva to balloon between the eyelids. This response to injury is nonspecific, consistent for surface irritation, infection, and neoplastic disease. Additionally, hyperemia of the conjunctiva frequently accompanies corneal lesions. With chronicity, the conjunctival epithelium can hypertrophy and lymphoid follicular hyperplasia may be observed. Most importantly for the surgeon, the conjunctival epithelium heals rapidly after injury, and often sutures are not needed if the defect is small.
 
 Sclera The sclera is the main protective wall of the eye. Along with the cornea, it encloses the intraocular structures to protect them from injury and is important for maintaining the structure of the globe and the intraocular pressure. It is composed almost entirely of collagen with a small amount of elastin and proteoglycans. Unlike in the cornea, the collagen fibers are irregularly arranged, so they scatter light and give the sclera its white color. The well-vascularized episclera is the outermost layer of the sclera, attaching to the fibrous Tenon’s capsule that envelops the globe, and is adherent to the conjunctiva. The arterial blood supply is derived from the anterior and posterior ciliary arteries, arising from the ophthalmic artery. Anteriorly the intrascleral venous plexus receives aqueous humor via drainage through the iridocorneal angle. Sensory innervation to the anterior sclera is provided by the long posterior ciliary nerves, derived from the ophthalmic nerve. The posterior sclera is innervated by the short posterior ciliary nerves that branch from the ciliary ganglion to enter the sclera close to the optic nerve.
 
 Limbus The limbus represents the junction between the corneal stroma and the sclera, with the sclera obliquely overlying the cornea superficially. This scleral “shelf” obscures direct observation of the iridocorneal drainage angle dorsally and ventrally. Temporally and nasally the insertion of the pectinate ligaments, the thin fibers that span from the iris base to the peripheral cornea, can be viewed directly through the cornea (Figure 57-2). Superficially at the limbus the conjunctiva continues over the cornea as the corneal epithelium. At this junctional zone, limbal stem cells are present, located in the basal epithelium. These are important for healing extensive corneal lesions as well as for maintaining a healthy corneal epithelium under normal conditions.5
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 Figure 57-2.  Blue-gray appearance of the drainage angle as seen through the normal equine cornea at the temporal and nasal limbus (arrows).
 
 Cornea Structure and Function The cornea is a transparent, highly specialized structure that transmits light and contributes to the anterior portion of  the fibrous tunic of the globe. It is also the major refractive structure of the eye, so maintenance of corneal clarity is therefore essential. To this end, the cornea lacks blood vessels, has a nonkeratinized surface epithelium, and has regularly arranged parallel bundles of collagen fibrils organized into lamellae. The shape of the cornea is a horizontal ellipse, measuring 29.7 to 34.0 mm horizontally and 23.0 to 26.5 mm vertically in the adult horse.6 In the Miniature Horse, the cornea approximates 25.8 mm horizontally and 19.4 mm vertically.7 Measurements of corneal thickness vary with the technique used for assessment but range from 0.77 mm to 0.89 mm centrally, with thickness increasing toward the periphery.6-9 The cornea can be divided into four layers: epithelium, stroma, Descemet’s membrane, and endothelium (Figure 57-3). The most superficial layer is the epithelium, which is 8 to 10 cell layers thick10 and serves two main functions. It provides a physical barrier to injury, and it is a smooth optical surface, aided in part by the overlying precorneal tear film. The most superficial layer is a nonkeratinized stratified squamous epithelium, and the middle layer consists of polyhedral wing cells. The basal layer of the epithelium is anchored to the underlying basement membrane and thus the corneal stroma by hemidesmosomes. The basal cells are columnar and are continually dividing. This activity is important for the healing of epithelial defects and the constant renewal of the surface epithelium, an important component of the ocular defenses. The corneal stroma, located beneath the epithelium, makes up approximately 90% of the corneal thickness. It maintains transparency by the lack of vasculature and the narrow diameter collagen fibrils, predominantly type I and type V, that are uniformly spaced and organized into parallel sheets.11 This natural arrangement facilitates separation of the corneal stroma along a plane parallel to the corneal surface, relevant for the surgeon performing a keratectomy. The stroma is relatively acellular but has keratocytes distributed throughout its structure that play an
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 Figure 57-3.  Photomicrograph demonstrating the four layers of the equine cornea. a, Epithelium; b, stroma; c, Descemet’s membrane; d, endothelium (arrow) (hematoxylin and eosin, ×170).
 
 important role in wound healing. Following injury and formation of new reparative collagen fibers, the resulting irregular arrangement can scatter light and is appreciated as a corneal opacity or scar. The corneal stroma is hydrophilic and is maintained in a relative state of dehydration by the presence of an intact corneal epithelium and the action of the corneal endothelial pump mechanism (see later). Descemet’s membrane, lying beneath the stroma, is an exaggerated basement membrane that is produced continually by the corneal endothelium and thickens with age. This is often the last line of defense before perforation of a deep corneal ulcer and does not take up fluorescein stain. Underneath Descemet’s membrane is the corneal endothelium. This is a monolayer of roughly hexagonal cells that have tight cellular junctions that limit passage of fluid from the anterior chamber into the stroma. Additionally they have an active  Na+/K+–ATPase pump that results in a net movement of Na+ out of the cornea, with water following because of the osmotic gradient effect. Unlike other corneal tissues, the endothelial cells have little or no capacity for regeneration in the adult and their density decreases with age.9,12-14 Following trauma or damage to the corneal endothelium, the remaining cells spread in an attempt to recreate a complete coverage of the posterior corneal surface. Vasculature and Innervation Since the cornea is normally avascular, nutrition is provided by the precorneal tear film and the aqueous humor. Normal corneal health therefore requires functional eyelids and a nictitating membrane for protection and distribution of the preocular tear film, as well as normal circulation of aqueous humor. The cornea is richly innervated by the long ciliary nerves, derived from the ophthalmic branch of the trigeminal nerve. These fibers are myelinated only at the corneal periphery,
 
 and arborization density is greatest superficially. Those entering the epithelium terminate in naked nerve endings among the wing cells. Response to Injury The prominent position of the equine globe, along with the environment horses reside in, means that injuries to the ocular surface are common. Corneal responses to injury include development of edema, and with persistence of the insult, vascularization and pigmentation; in some instances, scar forms as the lesion resolves. Corneal edema results in a blue-gray cloudlike haze to the cornea because of the accumulation of fluid separating the  regularly arranged stromal collagen fibers. Fluid may enter  the cornea from the tear film with loss of the corneal epithelium, or it can enter from the aqueous humor as a result of damage or dysfunction of the corneal endothelial cells. Corneal neovascularization develops in response to inflammation, the presence of polymorphonuclear (PMN) leukocytes, and cytokines such as fibroblast growth factor.15 In disease states, this limbal ingrowth of vessels provides additional leukocytes and antibodies and helps combat infection and speed healing. Occasionally, persistent and prolonged irritation results in an exuberant vascular response. Drugs such as flunixin meglumine have been shown to delay corneal neovascularization. Despite this, they are often used because they play an important role in combating anterior uveitis and improving ocular comfort.16 Fungi have also been proposed to produce metabolites that inhibit neovascularization, contributing to their persistence in the cornea.17 Superficial corneal pigmentation can result from chronic corneal inflammation, where there is recruitment of epithelial cells from the limbus with migration of melanocytes from limbal and perilimbal tissue. Wound Healing Since the cornea is normally avascular, it requires growth factors, cytokines, and neuropeptides from the aqueous humor, tear film, and limbal vessels to coordinate wound healing. Factors such as epidermal growth factor increase mitosis and protein synthesis in the corneal basal epithelial cells and the stromal keratocytes.18,19 Cytokines such as transforming growth factor-β (TGF-β) induce differentiation and infiltration of inflammatory cells.20 After damage to the corneal epithelium, the epithelial cells at the edge of the defect retract, losing their hemidesmosmal attachments (rivet-like structures that attach the basal epithelial cells to the corneal stroma); they then become thinner and migrate toward the center of the lesion in an amoeboid fashion. This occurs very soon after the initial insult, with basal epithelial cells sending out cytoplasmic processes within 1 hour of injury and PMN leukocytes arriving within several hours.10,21 In the absence of infection, normal healing of a corneal defect is rapid and linear for 5 to 7 days before slowing.19 If the stroma is involved, the defect is filled with a fibrin clot and adjacent keratocytes are transformed by TGF-β into a myofibroblast-like phenotype that facilitates wound contraction. Depending on the chronicity, corneal vascularization occurs and can promote healing of more serious defects. Fibroblastic collagen is deposited in the defect, resulting in corneal scarring, which slowly remodels and becomes smaller with
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 time. The mean healing time of an uninfected corneal wound of 30% stromal depth is reported to be 11 days.10 However, normal strength of the injured tissue may not return for a considerable time. Preventing and controlling infection is essential to achieve healing with minimal scar formation. Following trauma to the conjunctival epithelium, with or without stromal involvement, the normal bacterial and fungal flora or contaminating organisms can colonize and then infect the wound.22,23 Full-thickness wounds resulting in aqueous leakage can seal as a fibrin clot forms. Larger defects that result in collapse of the anterior chamber may be occluded by the iris, forming an anterior synechia, which is an adhesion between the iris and cornea. With larger defects, there may be iris prolapse resulting in protuberance of the iris from the corneal surface, typically with a coating of clotted fibrin. In full-thickness defects that seal without iris involvement, corneal endothelial cells spread to fill the defect. The new layer of endothelial cells produce a new Descemet’s membrane in that region. As already stated, endothelial cells in adults do not replicate so the cells adjacent to a defect spread to completely cover the inner corneal surface. Corneal wounding stimulates the sensory fibers of the cornea and can result in a neurogenic anterior uveitis thought to be mediated by substance P.24-26 Hence, painful conditions of the cornea can cause miosis, ocular hypotension, increased protein levels, and even hypopyon within the aqueous humor. Infected corneal wounds and ulcers can also cause an anterior uveitis and hypopyon, probably at least partly the result of the liberation of toxins.
 
 Ocular Surface Microflora The normal equine ocular surface microflora shows geographic variations, likely influenced by ambient temperature and humidity. Gram-positive bacteria are most commonly isolated from the normal equine ocular surface and include Corynebacterium, Streptomyces, Staphylococcus, and Bacillus species.27-31 In disease states, gram-negative and gram-positive bacteria may be involved, with Pseudomonas and β-hemolytic Streptococcus resulting in more serious infections.29,32-36 Fungi are also commonly isolated from the ocular surface of normal horses.37 Most commonly recovered are Aspergillus, Penicillium, and Cladosporium.30,31,38 In diseased corneas, the fungal species most commonly isolated are Aspergillus, Fusarium, Candida, and Penicillium.39-43
 
 OPHTHALMIC EXAMINATION TECHNIQUES AND DIAGNOSTIC PROCEDURES Examination of the Ocular Surface Causes of ocular surface disease can be broadly classified as infectious (bacterial, fungal, viral),40,44-46 inflammatory (parasitic granulomas, pseudotumors, immune-mediated keratopathies),47-50 anatomic,51 traumatic,52-54 and neoplastic (squamous cell carcinoma, melanoma, lymphosarcoma, mastocytosis, and vascular neoplasms).55-65 The approach to the investigation of these conditions should begin with collecting data pertaining to signalment and history, followed by a preliminary evaluation of the eyes from a distance, before any manipulation of the globe or adnexal structures. The symmetry and position of  the adnexal structures and the globe should be assessed, 
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 with particular attention paid to any evidence of discomfort, appreciated as blepharospasm, epiphora, or photophobia. Variations in conjunctival or corneal coloration, such as red conjunctival hyperemia (engorgement of conjunctival vessels) or blue-gray corneal edema, and the presence of focal opacities or masses should be noted before further examination with illumination and magnification. Cranial nerve function may be briefly assessed before sedating the horse. Of particular importance is assessment of the palpebral reflex and the corneal reflex. Ensuring that the palpebral blink reflex is present and that complete closure of the eyelid is possible is important, because this is required for the normal distribution of the precorneal tear film and thus maintenance of corneal health. The palpebral reflex can be assessed by lightly touching the medial or lateral canthus. In a normal horse, this may not result in complete lid closure; nevertheless, it is important to check that complete closure can be induced.66 An abnormal palpebral blink reflex can result from deficits of the trigeminal (CN V) or facial (CN VII) nerves. Incomplete lid closure may also occur because of lid abnormalities, including congenital defects and scarring, or abnormalities of the globe’s position or size, such as exophthalmos, proptosis, or buphthalmos. Assessment of the corneal reflex for any deficits in the ophthalmic branch of the trigeminal nerve will confirm corneal sensation. This test can be performed by lightly touching wisped cotton wool to the cornea and determining whether the response includes eyelid closure and retraction of the globe, mediated by the facial nerve. In performing this test, it is important to ensure that a menace response is not being induced and that contact with the long vibrissae is avoided. For safe completion of the eye examination, it is necessary to restrain the horse, with the degree of restraint depending on the temperament of the horse and the diagnostic procedures being performed. Use of stocks and sedation may be helpful. When sedation is required, intravenous xylazine (0.5 to 1.0 mg/ kg) is adequate for most examinations, though detomidine (0.02 to 0.04 mg/kg IV) will facilitate longer examination and maintenance of a steady head position.67 Butorphanol (0.01 to 0.02 mg/kg IV) may be used if additional analgesia is required, but as with xylazine, this has been associated with small head jerking motions.67 Additional information on chemical restraint can be found in Chapter 22. Horses have strong palpebral muscles that can make examination of the ocular surface difficult. Sedation may reduce the strength of the blink but an auriculopalpebral nerve block is often performed, particularly when painful lesions are present. The reader should consult Chapter 55 for details on performing an auriculopalpebral nerve block. A complete and detailed examination of the ocular surface requires that the exam be performed in a dimly lit environment. Suitable lighting conditions can be achieved by darkening the stall or moving the horse to an area with low light. If this is not possible, many horses tolerate a blanket or towel draped partly over the head of both subject and examiner. Once the light level is reduced, a bright focal light source such as a Finoff transilluminator (Figure 57-4, A) can be used to facilitate much of the examination of the anterior segment of the eye. If available, magnification greatly improves the viewer’s appreciation of a lesion; this can be via a slit lamp biomicroscope (Figure 57-4, B), a simple head loupe (Figure 57-4, C), or a direct ophthalmoscope with selection of a high positive diopter lens (+20D). A systematic examination should be performed so that all
 
 A
 
 B
 
 C Figure 57-4.  A, Finoff transilluminator. B, Slit lamp biomicroscope (SL-15, Kowa). C, Head loupe (Hongguang Optics).
 
 structures are evaluated and lesions are not missed; this includes an assessment of the adnexa and eyelids, abnormalities of which can contribute to ocular surface disease. The conjunctiva and the ocular surface should subsequently be examined, paying particular attention to the presence and location of corneal neovascularization, edema, stromal infiltrates, and proliferative lesions. It is equally important to assess intraocular structures; for instance, the presence of hypopyon in cases of ulcerative keratitis suggests a poor prognosis and may necessitate therapy with systemic antimicrobials. In instances of fungal
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 keratitis, the organisms can traverse Descemet’s membrane and persist in the anterior chamber, again indicating a poorer prognosis and altering the therapeutic plan.
 
 Diagnostic Procedures Ocular surface disease often manifests as a painful red eye. In this case, distinguishing engorged bulbar conjunctival vessels from injected episcleral vessels is important, because the former corresponds to surface ocular disease, whereas the latter is typically seen with intraocular disease. Conjunctival vessels branch extensively, can be moved relative to the underlying globe, and can be blanched by topical application of 2.5% phenylephrine. Other nonspecific signs of ocular discomfort include blepharospasm, photophobia, epiphora, and conjunctival hyperemia, which may indicate adnexal, ocular surface, or intraocular disease. However, approaching such an eye in a logical, systematic fashion yields a diagnosis in the majority of cases. To this end, the order in which diagnostic tests are performed is important. For example, if corneal sensation is to be evaluated, it must be performed before the application of topical anesthetics to the eye. It is also often recommended that samples for culture be taken before topical anesthetics and topical fluorescein are applied, because these agents may reduce the isolation rate of organisms in culture.68,69 However, in practice the application of a topical anesthetic may be required to facilitate accurate and safe sampling of a lesion. Additionally, the clinician may need to apply fluorescein dye to confirm the presence of an ulcer before sampling for culture is considered.
 
 Figure 57-5.  Application of fluorescein stain to the cornea using a hubbed syringe with the needle removed.
 
 Ophthalmic Stains Fluorescein staining is primarily used to detect corneal defects, and this procedure should be performed on any inflamed or painful eye. In areas devoid of epithelium, the dye is able to pass into the hydrophilic corneal stroma, but it does not bind to Descemet’s membrane. Hence, an ulcer extending to the depth of Descemet’s membrane may be fluorescein negative over the deepest portion, surrounded by a doughnut-shaped area of fluorescein uptake. The dye is available as a single-use 0.5% solution or impregnated paper strips. A portion of the paper strip can be torn off and placed into a syringe containing a commercial eyewash solution to create a fluorescein solution to apply to the eye. This solution can be gently squirted directly onto the cornea from a hubbed syringe with the needle removed (Figure 57-5). Alternatively, the paper strip can be moistened with commercial eyewash and directly applied to the lower conjunctival fornix. Fluorescein peak excitation occurs under blue light, so addition of a cobalt blue filter to a Finoff transilluminator can make it easier to see areas of fluorescein uptake (Figure 57-6). Fluorescein can also be used to assess corneal integrity, for instance, after primary suture closure of a fullthickness corneal laceration. This is known as the Seidel test. The dry paper strip is applied directly to the site of injury, which is then monitored for the development of fluorescence, indicating leakage of fluid from the anterior chamber. Rose bengal is a vital stain that adheres to dead and devitalized epithelial cells. As such, it is useful for detecting the punctate and dendritic patterned lesions seen with equine herpes viral corneal disease and early fungal keratitis.36 If applied excessively, rose bengal can also stain healthy corneal epithelial cells and has a dose-dependent toxic effect on these cells.70,71
 
 Figure
 
 57-6.  Superficial
 
 corneal
 
 ulcer
 
 stained
 
 positive
 
 with
 
 fluorescein.
 
 Culture and Sensitivity Pathogen culture and sensitivity testing provide useful information for guiding antimicrobial therapy and are important in the management of conditions such as corneal ulcers.72 Indications for corneal or conjunctival culture include any corneal ulcerative disease, corneal stromal infiltrate, purulent ocular discharge, and proliferative masses. In cases of bacterial or fungal stromal abscesses, the pathogens may be located too deep within the cornea to allow collection of a diagnostic sample. In these cases the removal of epithelium overlying such a region may facilitate a diagnosis. Although topical anesthetics have been shown to inhibit the growth of microorganisms,69 in many instances their administration is necessary to safely and accurately obtain a sample. To obtain a culture, the eyelids should be retracted and sterile Dacron-tipped culture swabs applied gently to the area (Figure 57-7). Collection of samples for aerobic bacterial and fungal cultures should be performed. In cases of deep or rapidly progressive ulcers, extreme care should be used and the edges rather than the center of the lesion should be sampled. Collection of samples for viral culture may also be
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 A
 
 Figure 57-7.  Dacron-tipped culture swab (Becton Dickinson).
 
 Figure 57-8.  Cytobrush for cytology sampling (Microbrush).
 
 indicated if equine herpesvirus 2 (EHV-2) infection is suspected.45,73 In these cases, specific instructions for collecting and handling the sample should be obtained from the testing laboratory before sampling the lesion. Treatment should commence before receiving the results of culture and sensitivity testing, and for this reason, performing cytology (see next) at the time of the initial examination can be a very valuable guide to initial treatment options.
 
 B Figure 57-9.  A, Kimura spatula. B, Technique for acquiring corneal samples for cytology and culture. The corneal surface is aggressively scraped with a Kimura platinum spatula.
 
 Cytology The evaluation of cytology samples collected from the conjunctival or corneal surface can provide immediate characterization of the nature and severity of an inflammatory response, and it can confirm the presence of bacteria or fungal hyphae, thus guiding the initial therapy. Cytology is particularly recommended for corneal ulcers, corneal abscesses, and proliferative masses of the cornea or conjunctiva. In cases with suspected infection, samples are collected to attempt to identify causal organisms while waiting for more definitive results from culture and sensitivity testing. Samples can be collected using a cytobrush (Figure 57-8), a Kimura spatula (Figure 57-9), or the blunt end of a scalpel blade.74 Of these implements, the cytobrush has been shown to yield superior diagnostic samples.75,76 A possible exception is when a deep sample is needed for culture of a fungal abscess, in which case a Kimura spatula may prove superior. For deep ulcers, descemetoceles, and perforations, cytology samples should be collected with extreme care. With corneal perforations or other lesions that require treatment under general anesthesia, cytology sampling may be more safely performed while the horse is anesthetized. Usually smears are made on several slides, which can be stained with different techniques or submitted to a clinical pathologist. After collection, the sample should be immediately subjected to a Romanowsky type of stain, such as Diff-Quik, and evaluated for the presence of inflammatory cells and infectious organisms. If bacteria are seen, another smear should be stained with Gram stain (Figure 57-10). Failure to identify fungal hyphae does not rule out a fungal keratitis because they can be difficult to identify on routine staining (Figure 57-11). Their
 
 Figure 57-10.  Cytologic appearance of corneal scraping from an eye with a bacterial ulcer. Numerous gram-positive organisms are visible (Gram stain, ×1100.).
 
 identification can be facilitated by use of special stains such as Gomori methenamine silver (GMS), periodic acid–Schiff (PAS), and new methylene blue.
 
 RELEVANT PHARMACOLOGY Application of Medication Topical application of ophthalmic drugs provides a high concentration at the desired site of action for the treatment of ocular surface conditions, often negating the need for systemic dosing. Anti-inflammatories are a common exception to this,
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 Figure 57-11.  Cytologic appearance of corneal scrapings from an eye with a fungal ulcer. Branching hyphae are visible (modified WrightGiemsa stain, ×700).
 
 and drugs such as flunixin meglumine are often administered systemically in addition to or in place of topical application, both preoperatively and postoperatively, control to ocular inflammation. The retention and absorption of topical ophthalmic mediations depends on precorneal factors, such as lacrimation and nasolacrimal drainage, and characteristics of the drug formulation, which may be solutions, suspensions, or ointments. Topical ophthalmic ointments are often chosen because of their prolonged retention time and relative ease of administration to the equine eye, as compared to ophthalmic solutions. However, if the anterior chamber has been penetrated or is to be entered surgically, ointments should be avoided and an ophthalmic solution should be used. If a solution is used it is common practice to wait 5 minutes between applications of different medications to prevent diluting the previously applied drug. To achieve a persistent high concentration at the site of action, frequent administration may be necessary. This may be facilitated by placing a subpalpebral lavage line.
 
 Figure 57-12.  Subpalpebral lavage kit (Mila International).
 
 Subpalpebral Lavage Placement Placement of a subpalpebral lavage line can be particularly valuable when frequent administration of topical medications is required and painful conditions are being treated. This can reduce the risk of trauma to the surgical site, because the horse often becomes refractory to frequent topical medication for painful conditions. Placement of a subpalpebral lavage may be performed immediately postoperatively before recovery from general anesthesia, or under standing sedation. If placed under sedation, an auriculopalpebral nerve block, topical anesthesia, and infiltration of local anesthetic into the upper eyelid can be performed. Subpalpebral lavage kits are available, comprising a silicone tube plus a circular baseplate with a hubless hypodermic needle for passage through the eyelid (Figure 57-12). Both superior and inferomedial placement have been described,77 and the choice of site depends on the location of the injury; the goal is to maximize the distance from the tubing and baseplate to the lesion (Figure 57-13). In either instance, the planned entry site at the eyelid should be prepared with 1 : 50 povidoneiodine solution, which is also directly applied with cottontipped applicators to the conjunctival fornix at this same 
 
 Figure 57-13.  Subpalpebral lavage line placed superiorly with silicone tubing secured to the head with tape tabs.
 
 site. Surgical scrubs containing detergents and alcohol preparations should not be used because they may result in epithelial loss and ulceration. The region of the eyelid through which the tube is to pass is anesthetized with subcutaneous 2% lidocaine, and 0.5% proparacaine is applied to the conjunctival surface
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 SECTION VIII  EYE AND ADNEXA irritant reactions have been reported with prolonged use of topical aminoglycosides.78 Other topical antibiotic preparations commonly used are the second-generation fluoroquinolones, ciprofloxacin and ofloxacin. They possess bactericidal, broad-spectrum activity and are available as ointments or solutions. Chloramphenicol, a bacteriostatic drug with a broad spectrum of action and good penetration, is also widely used. Because this drug has been reported to cause aplastic anemia in humans, it is prudent to warn owners regarding its potential toxicity and recommend the use of gloves when applying it.78,79
 
 Topical Antifungal Medications
 
 Figure 57-14.  Subpalpebral lavage line threaded through braided mane, terminating in an injection port for medication administration.
 
 topically. Alternatively, cotton-tipped applicators soaked in proparacaine can be held against the conjunctiva to ensure analgesia. The 12-gauge hubless needle is introduced into the deepest point of the conjunctival fornix and driven through the eyelid. This ensures placement of the baseplate deep in the conjunctival fornix and reduces the risk of corneal irritation and damage to the surgical site. The globe itself should be protected by keeping a finger between the needle and the eyelid. The lavage tube can then be sutured immediately adjacent to the exit site, via tape tabs secured to the line, and similarly secured at two other sites away from the eye, directing the lavage line into the mane. The line can then be threaded through the braided mane and an injection port placed to facilitate administration of medications (Figure 57-14).
 
 Topical Antibiotics The choice of topical antibiotics for the treatment of ocular surface infections should be based on the results of pathogen culture and sensitivity testing, with initial therapy based on the results of cytology while awaiting the culture results. The desired mode of administration, whether by topical application or via subpalpebral lavage line, also affects the choice of agent because many drugs are available as either an ointment or solution, but not both. Details of commonly used topical antibiotics are provided later. Topical aminoglycoside antibiotics are often used in “tripleantibiotic” combinations, where neomycin is typically combined with polymyxin B and bacitracin or with polymyxin B and gramicidin. Triple-antibiotic preparations are a good choice for postoperative prophylaxis or treatment of minor ocular surface bacterial infections. They are available as solutions or ointments and are usually applied three or four times daily. For more serious confirmed bacterial infections, other drugs may be chosen and used in combination at an increased frequency. Gentamicin and tobramycin are bactericidal drugs and broadspectrum aminoglycosides with an enhanced gram-negative spectrum, and they are available alone in solution. Allergic or
 
 Because of the propensity of the horse to develop fungal keratitis, topical antifungals are often used prophylactically in cases of corneal injury. When fungal keratitis is suspected or confirmed with cytology or culture, aggressive medical management may be pursued before surgical intervention, as discussed later in this chapter. Briefly, medical therapy should target both the fungus and the reflex anterior uveitis that often increases in severity as the fungal organisms are killed. Of the available antifungal medications, natamycin ophthalmic suspension (Natacyn) is currently the only commercially available drug formulated for topical ophthalmic application. It is recommended for use four to six times daily and may be delivered via subpalpebral lavage. Other commonly used preparations include fluconazole and silver sulfadiazine.44 For deeper fungal keratitis and corneal abscesses, access of the drug to the deeper cornea can be  improved by débriding the corneal epithelium over the area of the lesion or adding DMSO to the preparation.80,81
 
 Anti-Inflammatory Drugs Topical corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs) can be used to control inflammation of the ocular surface. Since topical corticosteroids delay wound healing and potentiate some infections, they are contraindicated in horses with corneal ulceration or overt infection. In other situations, for instance after routine surgery to the ocular surface, the use of a topical corticosteroid preparation has significant merit because of the potentially deleterious effects of ocular inflammation on vision. Topical prednisolone acetate 1% or dexamethasone 0.1%, with or without neomycin and polymixin B, are good choices. Topical NSAIDs can be used alone or in combination with topical corticosteroids. They do not have the potentially dramatic negative side effects of a topical corticosteroid but are best avoided in instances of corneal ulceration. Delayed wound healing and slowed corneal neovascularization should be weighed against their beneficial effects.78 However, except in cases of overt infection, the benefits of their use generally outweigh these concerns. Flurbiprofen 0.03% solution and diclofenac 0.1% solution are commonly used examples. As already mentioned, systemic anti-inflammatories are often used to help control postoperative ocular inflammation.
 
 ANESTHETIC CONSIDERATIONS Topical Anesthesia A topical anesthetic facilitates corneal and conjunctival manipulation for examination of the ocular surface and sample collection. Topical anesthetics can also be used in addition to sedation
 
 or general anesthesia to provide corneal and conjunctival analgesia for procedures such as suturing and foreign body removal. Proparacaine hydrochloride 0.5% solution and tetracaine 0.5% solution are most commonly employed. They can be administered to the cornea via a 1-mL hubbed syringe with the needle snapped off, or they can be instilled directly into the lower conjunctival fornix. The duration of corneal anesthesia achieved by a single administration of either 0.2 mL of proparacaine 0.5% or 1 drop of tetracaine 0.5% is 25 to 30 minutes with maximal anesthetic effect occurring within 5 minutes of application.82,83 For both agents, the application of multiple drops may increase the duration and intensity of the anesthetic effect.83,84 Epitheliotoxicity and destabilization of the precorneal tear film are described side effects, and for this reason repeated application for therapeutic purposes should be avoided.85,86 The antimicrobial activity of these agents also means that swabs for corneoconjunctival cultures should be collected before instillation of a topical anesthetic.87,88 However, topical anesthetics are often applied first, because subsequent sample collection is safer and the desired site can be targeted more accurately.
 
 Sedation Sedation is often required for complete examination of the ocular surface. Additionally, minor procedures such as biopsies and cytologic sampling can readily be performed under sedation, topical anesthesia, and nerve blocks. For precision surgery of the ocular surface, general anesthesia is usually required. In addition to the agents described in, “Ophthalmic Examination Techniques and Diagnostic Procedures,” a continuous intravenous infusion of detomidine has been successfully used for standing procedures anticipated to be of long duration.
 
 General Anesthesia General anesthesia is typically required for most surgical manipulations of the cornea; however, it should be borne in mind that the effects of general anesthetics on the eye are not insignificant. For surgery of the ocular surface, the cornea should be centrally positioned, all eye movements such as nystagmus should be eliminated, and the eye should have a normal intraocular pressure. The effect of anesthetic agents on intraocular pressure is particularly important if the anterior chamber has been penetrated or is to be entered as part of the surgical procedure, such as for penetrating wounds and deep corneal abscesses. In such situations, any increase in intraocular pressure can be detrimental to ocular health and the success of the procedure. Sudden decreases in intraocular pressure have similar consequences and should be avoided by ensuring the globe remains inflated by the use of viscoelastic agents. Most anesthetic agents that are injected or inhaled will lower intraocular pressure. Ketamine is a notable exception; it elevates intraocular pressure, which is thought to be mediated by increased extraocular muscle tone.89 Additionally, any prolonged respiratory depression or acidosis can elevate intraocular pressure.90 Positioning of the globe is also important for maintaining intraocular pressure, ensuring that inadvertent pressure is not placed on the eye by the lid speculum or the surgeon’s manipulations. Achieving and maintaining a centrally positioned cornea will best facilitate surgery of the ocular surface, affording the surgeon maximal access to the cornea for surgical procedures. This must
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 be actively addressed by the surgeon because the effect of most injectable and inhalational agents used for general anesthesia produce ventral and medial rotation of the globe. Strategies to overcome this problem include placement of stay sutures through the conjunctiva adjacent to the limbus with 4-0 silk. Alternatively, a neuromuscular blocking agent such as atracurium (0.2 mg/kg IV) can be combined with positive pressure ventilation to improve the position of the cornea. These agents typically relax the extraocular muscles within 1 minute of administration, causing the eye to return to a normal “primary gaze” position. These agents are also valuable to use in cases where the cornea is perforated, or surgical entry into the anterior chamber is planned, as for a penetrating keratoplasty. Neuromuscular blockade also relieves the tension exerted on the posterior globe by the extraocular muscles, which can increase the likelihood that the vitreous will push anteriorly and collapse the anterior chamber when the cornea is entered. Nystagmus may also be encountered and is clearly problematic for the surgeon. This can be rapid movements or a slow drift, and it is best controlled by achieving an appropriate depth of anesthesia and by using neuromuscular blocking agents. Corneal drying during anesthesia should be prevented to minimize the risk of postoperative complications such as corneal ulceration.32 To this end, the unoperated eye should be lubricated with an artificial tear ophthalmic ointment. Similarly, the operated eye should be frequently irrigated with a sterile saline solution such as balanced salt solution to prevent damage to the corneal and conjunctival epithelium. For information on performing general anesthesia, please review Chapters 18 and 19.
 
 SURGICAL EQUIPMENT AND SURGICAL PRINCIPLES Performing surgical procedures on the ocular surface requires not only specialized techniques but also specialized instrumentation, smaller suture materials, and magnification where available. Magnification is strongly recommended to minimize damage to the delicate structures of the cornea and facilitate accurate placement of sutures. An operating microscope or head loupe can be used and affords an improved surgical outcome, but they also require some practice for the surgeon to adapt to the smaller field of view. Loupes providing ×2.5 or ×4 magnification are commonly used. For more advanced procedures, such as keratoplasty, an operating microscope is desired (Figure 57-15).
 
 Instrumentation The surgeon should have access to instruments suitable for handling the eyelids, for example to perform lateral canthotomies when indicated. More-delicate instruments for conjunctival manipulations and microsurgical instruments suitable for corneal surgery should also be available. For manipulation of the conjunctiva and sclera, Bishop-Harmon forceps are ideal, and conjunctival tissue is best incised with tenotomy scissors such as the Stevens or Westcott (Figure 57-16). To facilitate exposure, a lid speculum suitable for the equine eyelids is required. Several types are available. Heavy-duty models such as the Guyton-Park eyelid speculum provide good exposure of the ocular surface (Figure 57-17). For surgical procedures involving the cornea, microsurgical instrumentation should be
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 Figure 57-17.  Guyton-Park eyelid speculum.
 
 Figure 57-15.  Operating microscope (Zeiss).
 
 Figure 57-18.  Instruments commonly used for corneal surgery, from
 
 Figure 57-16.  Instruments commonly used for conjunctival surgery,
 
 left to right: Castroviejo needle holder, Colibri corneal forceps, Martinez corneal dissector, Castroviejo corneal section scissors, Castroviejo universal corneal scissors, straight suture-tying forceps, curved suture-tying forceps.
 
 from left to right: Westcott tenotomy scissors, Stevens tenotomy scissors, Bishop-Harmon forceps, Derf needle holder.
 
 used, with correspondingly smaller gauge needles and suture materials. The investment in such equipment is dictated by predicted frequency of use. Considered most important are Colibri or Castroviejo forceps; Castroviejo needle holders; Castroviejo universal scissors, curved with blunt tips; and a Beaver scalpel handle and blades (No. 64, 65, and 69) (Figures 57-18 and 57-19). For advanced procedures, such as a penetrating lamellar keratoplasty, a Martinez corneal dissector and corneal trephines may be used. Additional equipment that may be required includes fine-tipped disposable cautery units and cryotherapy units (liquid nitrogen or nitrous oxide). The investment in fine ophthalmic instruments should be protected by careful use, cleaning, and storage. A microsurgical instrument tray should be used for storing and sterilizing the instruments. Figure 57-19.  Beaver scalpel blades and Beaver handle, from left to
 
 Suture Materials, Needles, and Suture Patterns Fine suture materials with swaged needles are required for the ocular surface. Both absorbable and nonabsorbable suture materials have been described for corneal and conjunctival surgery. However, when operating on the cornea, absorbable 6-0 to 8-0 suture material, such as polyglactin 910, is recommended. For conjunctival and scleral procedures, 4-0 to 6-0
 
 right: No. 69 blade, No. 65 blade, No. 64 blade, blade handle.
 
 absorbable suture materials are most suitable. Reverse cutting or spatulated needles are typically chosen for reduced iatrogenic damage to the tissues. The choice of suture pattern depends on the tissue being apposed and the nature of the surgical procedure. For instance,
 
 if performing a penetrating keratoplasty or conjunctival pedicle graft, a simple-interrupted pattern using 7-0 or 8-0 absorbable sutures on a spatulated needle may be chosen. For closing a partial or full-thickness corneal laceration or surgical wound, a simple-continuous or bootlace pattern using the same suture material and needle just mentioned may be preferred. Apposition of bulbar conjunctiva may dictate the use of 6-0 absorbable sutures on a reverse cutting needle applying a simple-continuous pattern, whereas scleral defects may be best apposed with simple-interrupted pattern of 4-0 absorbable sutures on a reverse cutting needle.
 
 Preparation for Surgery Preparation for ophthalmic surgery is somewhat different from that for other surgical procedures. The head should be positioned for good access to the ocular surface. If an operating microscope is to be used, the head should be positioned securely with foam wedges so that the eyelids of the surgical eye are as close to horizontal as possible. The lashes and long vibrissae may be clipped before conjunctival or corneal surgery. The adnexa should be prepared for aseptic surgery with 1 : 50 povidone-iodine solution (diluted with sterile 0.9% saline solution). Surgical scrubs and alcohol should not be used because they are harmful to the corneal and conjunctival epithelium. After preparing the eyelids, the conjunctival fornices should be similarly prepared with povidone-iodine applied with cottontipped applicators, and the cornea should be flushed with the same solution. Cotton or paper drapes or aperture drapes are applied around the eye. Alternatively, a specialized disposable eye drape with an adhesive clear plastic center can be used. These drapes can be applied to the periocular tissue and an ellipse then cut out to expose the ocular surface (Figure 57-20).
 
 Additional Exposure of the Globe Before initiating surgery involving the ocular surface, additional exposure may be desired by the surgeon. In these instances, a lateral canthotomy may be performed. The procedure involves making a full-thickness incision 5 mm to 10 mm in length,
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 extending laterally from the lateral canthus. Standard Mayo scissors are typically used for a full-thickness separation of the thick tissue at this site. Hemorrhage is typically minor and easily controlled with cellulose ocular sticks. After completion of surgery, the canthotomy should be closed in two layers. A simple-continuous pattern is used to close the subconjunctival layer, and the skin is apposed with a simple-interrupted pattern using 4-0 absorbable suture. Most important for achieving secure apposition of the lid margin, without risk of the suture tags causing corneal trauma, is the careful placement of a figureof-eight suture at the lid margin. See Chapter 56 for more detail on the accurate placement of figure-of-eight sutures.
 
 Intraoperative Hemostasis For any surgery involving the ocular surface, hemostasis and removal of excess fluid should be performed with sterile cellulose ocular sticks rather than standard 4 × 4 swabs, because cotton swabs shed small cotton fibers and may be abrasive to the corneal epithelium. For full-thickness lacerations or in any procedure where the anterior chamber will be entered, such as a penetrating keratoplasty, Weck-Cel cellulose sponge spears should be used (Figure 57-21). If necessary, additional hemostasis can be achieved by direct application of 2.5% phenylephrine or 1 : 10,000 epinephrine, applied with moistened sterile cotton-tipped applicators.
 
 Entering the Anterior Chamber If the anterior chamber is penetrated, which may occur with a perforating corneal foreign body or penetrating keratoplasty, a viscoelastic agent should be administered directly into the anterior chamber to help maintain anterior chamber depth and protect the corneal endothelium. Commonly used agents are hyaluronan and 2% hydoxypropyl methylcellulose. If viscoelastic agents are to be used, an understanding of their properties within the eye and the potential complications associated with their use, such as postoperative ocular hypertension, is essential (described further in Chapter 58).
 
 Postoperative Care Before moving the horse into the recovery stall, a protective  eye mask may be placed over the operated eye to prevent damage to the surgical site during recovery from anesthesia.  The eye mask is then typically left in place for several days
 
 Figure 57-20.  Disposable ophthalmic drape with clear adherent
 
 Figure 57-21.  Cellulose ocular stick (top), and Weck-Cel cellulose
 
 window (Alcon).
 
 sponge spear (bottom).
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 postoperatively to prevent self-trauma. An alternative is closing the eyelid following application of an ophthalmic ointment and covering the area with several 4 × 4 gauze swabs. The head is then wrapped with an Elastikon bandage, ensuring that vision from the unoperated eye remains unobstructed. After any surgical procedure, medical therapy is typically reinstated. This may consist of prophylactic antimicrobial therapy or therapy directed specifically at any organisms previously identified. If anterior uveitis is present or anticipated, topical atropine may be applied two to four times daily on a tapering course, and systemic NSAIDs may be administered twice daily.
 
 ROUTINE SURGICAL TECHNIQUES Conjunctivectomy and Conjunctival Biopsy Conjunctivectomy has been described for removing foreign bodies such as burdock bristles embedded in the conjunctiva. Most foreign bodies can be removed without too much difficulty. However, burdock bristles migrate into and become embedded in the conjunctiva, causing chronic ocular irritation and corneal ulceration. They can be difficult to visualize and careful examination of the conjunctiva with magnification is necessary to locate them. Conjunctivectomy to excise the affected conjunctiva and foreign material can be performed under standing sedation and topical anesthesia. The affected region of conjunctiva is elevated with Bishop-Harmon forceps and excised with tenotomy scissors. Hemorrhage can be controlled with pressure, and if necessary, topical 2.5% phenylephrine can be applied directly to the site using a cotton-tipped applicator. A similar procedure is used to obtain a biopsy of conjunctival tissue for histopathologic examination. The conjunctiva heals rapidly, so unless the area of conjunctiva excised is large, the resulting defect can be left to heal by second intention. If sutures are used, care should be taken to ensure that they will not rub on the cornea and potentially cause ulceration.
 
 Repair of Conjunctival Lacerations Small lacerations can be left to heal by second intention after careful examination and possibly exploration of the wound. This is important since foreign bodies may be present and the underlying structures may also have been damaged. Stick injuries are common, and penetrating sticks can break off, leaving only a small amount or even none of the stick visible. If the foreign body has penetrated the periocular tissues or the globe itself, a complete ophthalmic examination will detect signs of penetration of the globe or laceration of the sclera. It is also possible for severe blunt trauma to the globe to result in scleral splits, the extent of which may not be immediately apparent but are usually accompanied by serious intraocular changes. In some instances, it may be necessary to surgically reflect the conjunctiva to reveal the full extent of underlying scleral lacerations. Scleral defects can be closed with 4-0 to 6-0 absorbable suture, such as polyglactin 910. When conjunctival defects require closure, a simple-continuous pattern of 4-0 to 6-0 absorbable sutures can be used.
 
 Excision of Conjunctival Tumors The primary approach to a conjunctival mass should be to obtain a histologic diagnosis. With small masses, this can be combined with an excisional biopsy. Larger masses can be sampled by
 
 impression smears or a small “snip” biopsy. The extent of the mass and its histologic diagnosis will influence the subsequent choice of therapy. Limbal squamous cell carcinomas (SCCs) are common and typically require a keratectomy to remove the corneal portion and additional excision to eliminate the conjunctival extension of the tumor. Areas of bulbar conjunctiva can be removed using tenotomy scissors to excise and undermine the mass. When excising a conjunctival mass, the inclusion of the underlying substantia propria and Tenon’s capsule will help ensure complete excision. Small defects can be left to heal by second intention. If the lesion is larger, partial or complete closure of the resulting defect can usually be achieved by undermining the surrounding remaining conjunctiva to mobilize it and stretch it over the defect. For limbal and bulbar conjunctival SCC, where the recurrence rate has been reported to be particularly high, excision combined with adjunctive therapy has been shown to significantly lower the rate of recurrence.91 Superficial Keratectomy Superficial keratectomy represents the surgical excision of a superficial layer of corneal tissue including epithelium and anterior stroma. Indications for keratectomy include presence of dermoids, typically hairy, skinlike tissue located on the cornea adjacent to the limbus,92 and development of infection, particularly associated with superficial fungal keratitis, corneal malacia, or superficial corneal stroma abscesses.44,93 Superficial keratectomy is also commonly performed to remove corneal neoplastic masses, the most common being limbal-based SCC.94 Superficial keratectomy is best performed under general anesthesia, with good magnification and illumination. An initial incision is made into the anterior stroma through normal cornea adjacent to the lesion to be removed. This is made using a No. 64 or No. 69 Beaver blade to the depth needed to remove the mass. Corneal forceps are used to grasp the incised edge of the cornea, and the corneal stroma can subsequently be separated along a lamellar plane to undermine the lesion. A blunt instrument can be used for this dissection, ideally a Martinez corneal dissector, which is specifically designed as a lamellar separator. Alternatively, the original blade can also be used for the purpose, taking care to only use it to separate the corneal lamellae rather than change the depth of the dissection. The resulting bed of cornea achieved by stromal dissection should be carefully inspected. If necessary, additional tissue can be removed by dissection along a deeper lamellar plane to ensure removal of all diseased tissue (Figure 57-22). The resulting corneal defect can be left to epithelialize. However, if the lesion is deep or the base of the lesion has been treated with an adjunctive therapy, a conjunctival hood graft or amniotic membrane graft can be used to cover the defect. These procedures are described later. They have the advantages of protecting the cornea and facilitating healing, but they have the disadvantage of potentially masking any tumor regrowth. Other than tumor regrowth, complications associated with superficial keratectomy are rare but include an excessive neovascular response, scarring, infection, and corneal perforation. Adjunctive or Alternative Therapies for Ocular Surface Tumors Several adjunctive therapies have been used to manage ocular surface tumors, such as conjunctival, limbal, and corneal
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 used. Limbal and conjunctival masses are best suited to this treatment, and side effects are uncommon. Radiofrequency hyperthermia and CO2 laser ablation are additional modalities that have been described for the destruction of surface ocular lesions in the horse.98,99 Intratumoral treatment with cisplatin has also been described for conjunctival lesions.100 Most recently a report described treatment of ocular SCC that consisted of multiple topical applications of mitomycin C (Mutamycin), with or without surgical excision. Complete resolution occurred in 77% and 75% of cases, respectively, with no reported complications.101
 
 A
 
 B Figure 57-22.  Intraoperative images of a superficial keratectomy. A, Following dissection along a lamellar plane with a Martinez dissector, the edge of the keratectomy is trimmed with Castroviejo universal corneal scissors. B, Final appearance of the completed keratectomy.
 
 masses. These include beta irradiation, cryotherapy, radiofrequency hyperthermia, and CO2 laser ablation. Most of these procedures can be performed on a horse under standing sedation with topical anesthesia and local nerve blocks. General anesthesia is typically reserved for cases where these therapies are used as an adjunct to more aggressive surgical intervention such as keratectomy. Beta irradiation may be used as an adjunctive procedure for surface ocular lesions, such as SCC and epibulbar melanoma, by direct application of strontium-90 (90Sr) to the surface ocular tissues. Because tissue penetration is 1 to 2 mm, this therapy is ideal for corneal lesions. A dose of 75 to 100 Gy can be delivered to multiple lesions, ensuring that a total dose of 500 Gy is not exceeded; at doses higher than this, there is a risk of permanent corneal endothelial damage and deep corneal necrosis.56 Progressive corneal edema and bullous keratopathy are also reported complications.95 When beta irradiation is combined with superficial keratectomy and permanent bulbar conjunctival grafts to treat corneal SCC, a recurrence rate of only 17% has been reported.96 Beta irradiation can similarly be used for limbal and conjunctival masses. Cryoablation may be used alone or adjunctively, in a fast freeze to −20° C to −40° C followed by a slow thaw for two cycles to achieve optimal cryonecrosis of malignant epithelial cells.97 A nitrous oxide or closed liquid nitrogen probe can be
 
 Repair of Corneal Lacerations Animals presenting with corneal lacerations should be examined carefully. It is important to ascertain if the injury is fullthickness, if the iris is involved in the wound, and if other intraocular structures such as the lens have been damaged. Involvement of the iris will complicate the repair. If the lens has been damaged, a cataract may ensue; if a large tear in the lens capsule is present, a severe inflammatory reaction to the liberated lens proteins may develop, significantly lowering the prognosis for achieving a comfortable, visual eye.102 Corneal lacerations typically require surgical repair using magnification with the horse anesthetized. Deep, uncomplicated corneal lacerations may be repaired by primary closure using simple-interrupted absorbable 6-0 to 8-0 sutures placed 1 to 2 mm apart. Small partial-thickness lacerations may be medically managed similar to a corneal ulcer, after ensuring that there is no foreign material lodged in the wound. If a foreign body is detected, its depth in the cornea must be accurately confirmed, because removal of a foreign body penetrating the entire thickness of the cornea may result in collapse of the anterior chamber. If a foreign body has penetrated the anterior chamber, or if its depth in the cornea cannot be assessed, it should be managed as a full-thickness laceration with the horse anesthetized and a viscoelastic agent available. Full-thickness lacerations may similarly result in collapse of the anterior chamber. If the wound is small it may seal with a fibrin clot, whereas larger wounds often show incarceration of the iris. In both situations, surgical repair is indicated. Typically, during the repair there is further leakage of aqueous humor, necessitating reinflation of the globe with a viscoelastic agent to maintain the shape of the anterior chamber during corneal suturing. Usually minimal débridement of the cornea is required, but the fibrin clot should be removed as the wound is prepared for suturing. A prolapsed iris is irrigated and, where possible, gently manipulated back into the anterior chamber using a blunt spatula or muscle hook. Any adhesions that have formed between the iris and the cornea are separated. This step should be done carefully because the iris is very vascular and hemorrhage may result, necessitating the use of topical epinephrine (1:1000 to 1:10,000). In instances where the laceration has been long-standing and the iris is incarcerated, it may be difficult to break down adhesions between the iris and cornea, and excision of the prolapsed iris may be necessary. In these cases, electrocautery may be useful to avoid excessive iridal hemorrhage (Figure 57-23). In all cases where the anterior chamber has been penetrated, medical therapy should be prolonged and significantly more aggressive, including administering systemic antibiotics in addition to systemic anti-inflammatories and topical antibiotic solutions. Prognosis for healing with minimal scarring is good for
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 A
 
 A B Figure 57-24.  A, Correct placement of sutures to a depth of 80% to 90% of the cornea. B, Close-up view.
 
 A
 
 B
 
 B Figure 57-25.  A, Closure of corneal defects using a simple-interrupted pattern. B, Closure using a simple-continuous pattern.
 
 uncomplicated cases, but when grafting material is included, scarring will be more significant. Potential complications that can arise postoperatively include infection, excessive scarring, astigmatism, and suture dehiscence leading to aqueous humor leakage, iris prolapse, or globe collapse.
 
 C Figure 57-23.  A, Preoperative appearance of a corneal laceration with prolapsed iris. B, Appearance of the corneal laceration after electrocautery of the prolapsed iridal tissue. C, Placement of porcine small intestine submucosa (SIS) in the corneal defect before placement of a conjunctival pedicle graft over the lesion.
 
 Considerations for Suturing the Cornea Corneal sutures are best placed under magnification using 6-0 to 8-0 absorbable sutures, placed to a depth of approximately 80% to 90% of the cornea (Figure 57-24). Simple-interrupted, simple-continuous, and double bootlace suture patterns (Figure 57-25) are suitable. If sutures are placed too superficially, the posterior aspect of the wound will gape, jeopardizing wound integrity and increasing scarring. If sutures are placed full thickness through the cornea, the suture tracts may allow leakage of aqueous humor and increase the risk of contaminating material reaching the anterior chamber via the suture tracts. Suture
 
 needle entry and exit sites should be at the same distance from the wound edges and be placed to the same corneal depth to avoid “steps” between the wound edges. If an arrowhead-shaped wound is present, a suture can be placed at the tip of the arrowhead first to prevent gaping at this part of the wound. Following the repair, a Seidel test should be performed with fluorescein dye to check that the wound is not leaking aqueous humor (see “Diagnostic Procedures,” earlier). If corneal tissue is missing or a satisfactory repair is not possible, the surgeon should consider using a conjunctival graft. This may just be a temporary hood flap that is tacked to the cornea over the defect to give it some protection while healing, with the intention that it will retract unless it heals to the defect. If a larger defect is present, placement of a conjunctival pedicle graft or inclusion of material such as transplanted cornea, amniotic membrane, or porcine small intestine submucosa could be considered. These procedures are described in the following section.
 
 ADVANCED SURGICAL TECHNIQUES The procedures described here typically require general anesthesia, magnification, good illumination, appropriate instrumentation, and some practice to master. They are most commonly used for deep and perforating corneal ulcers or defects and deep focal corneal abscesses, although procedures such as conjunctival grafts and flaps can also be used to support and protect corneal repairs.
 
 General Principles for Conjunctival Grafting Conjunctival grafting procedures involve transposing a portion of conjunctival tissue to cover a corneal defect. This provides structural support and a vascular supply to the lesion and hence anticollagenases, fibroblasts, and growth factors that facilitate healing. Their main use is in cases of deep corneal ulceration, melting ulcers, descemetoceles, and corneal lacerations.103 For the procedure, the conjunctiva should be incised and undermined with tenotomy scissors, and once mobilized it is sutured into position on the cornea, ensuring the needle passes first through the graft and then the cornea. Suturing should begin with placement of cardinal sutures at the tips or end of the graft.104 A simple-interrupted, simple-continuous, or a combination of both suture pattern can then be used, ensuring that the sutures are placed to a depth of 50% to 65% of the cornea for adequate anchorage of the graft. There are several types of grafts and flaps to choose from, and the selection largely depends on the position and size of the lesion. Defects close to the limbus can be covered by advancement or hood grafts, whereas more centrally placed lesions may be best covered with a pedicle graft. In some instances, a conjunctival graft may not sufficiently support a corneal defect; this is particularly the case for perforated ulcers but can also be true for larger, very deep ulcers and descemetoceles. In such situations, additional tectonic support for the cornea may be necessary and can be provided by scaffolding materials that can be sutured into the defect before graft placement. Materials that can be used for this purpose include transplanted cornea, either fresh or frozen; amniotic membrane; or commercially available products such as porcine small intestinal submucosa (SIS). The scaffolding material should be shaped to fit the defect and then sutured into the cornea, with the conjunctival graft sutured over the top of the site.
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 Conjunctiva does not adhere well to porcine SIS, so removing a rim of epithelium from the cornea around the defect and suturing the conjunctival graft to the exposed corneal stroma helps the graft to heal into place. Additionally, if porcine SIS is used, a thicker four-ply preparation is preferred over the thin discs that are marketed for corneal use. Some general principles to consider that may improve the outcome of conjunctival grafting procedures are described later. To reduce the risk of graft dehiscence and improve the cosmetic outcome, the conjunctival dissection should be kept thin, avoiding underlying Tenon’s capsule. As a guide, dissection scissors should be visible through the graft as it is being harvested. The risk of dehiscence can also be reduced by ensuring the graft covers the defect without being under tension; if tension is present, additional conjunctiva should be undermined before suture placement. To ensure adequate coverage of the corneal lesion, the graft should ideally be slightly larger (1 to 2 mm) than the defect because it tends to contract. It is particularly important to realize that conjunctiva will not adhere to an epithelialized surface, so in instances where the epithelium has grown down the edges of an ulcer, it should be carefully removed to expose the corneal stroma to which the conjunctiva can adhere. A No. 69 Beaver blade can be used to débride the epithelium, or in some instances it can be peeled off using corneal forceps.
 
 Conjunctival Grafting Techniques Rotation Pedicle Graft The rotation conjunctival pedicle graft is best suited for centrally located corneal defects, and it represents the most commonly performed type of conjunctival graft. Since a flap of conjunctiva is to be rotated onto the cornea, the surgery should be carefully planned, considering the site and size of the lesion and paying particular attention to ensure the vascular pedicles are not occluded at the base of the flap when it is rotated. The surgeon will find it is easier to harvest the lateral and dorsal bulbar conjunctiva rather than the medial or ventral conjunctiva because of the presence of the third eyelid. To begin the procedure, the bulbar conjunctiva is incised about 1  mm from the limbus using tenotomy scissors, and a combination of careful, precise blunt and sharp dissection is used to isolate the conjunctiva from Tenon’s capsule. A finger-shaped strip of conjunctiva is fashioned, with the length determined by the distance of the lesion from the limbus (Figure 57-26). The recipient bed is prepared by removing necrotic or liquefied cornea and any epithelium that has grown into the defect. The graft can then be sutured into the recipient bed as described earlier, being sure that the conjunctival edges appose the corneal edges of the lesion. Finally, the defect created in the conjunctiva should be sutured closed in a simple-continuous pattern (Figure 57-27). Advancement Pedicle Graft An advancement conjunctival pedicle graft represents an alternative to the rotation conjunctival pedicle graft and is used for lesions located closer to the limbus. These grafts are fashioned using tenotomy scissors to create an incision in the bulbar conjunctiva, 1 to 2 mm longer than the width of the defect, adjacent to and parallel to the limbus. Subsequently, the bulbar conjunctiva is carefully undermined and extended up toward
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 A
 
 A
 
 B Figure 57-28.  Bridge conjunctival graft. A, A strip of conjunctiva is incised and dissected from the bulbar conjunctiva. B, The bridge of conjunctiva is sutured to the cornea around the edge of the corneal ulcer.
 
 B Figure 57-26.  A, Conjunctival pedicle graft; the pedicle is dissected from underlying fibrous tissue with tenotomy scissors. B, The pedicle should lie over the corneal defect without undue tension.
 
 in that their base originates close to the eyelid margin. If  this graft is performed, placement of a temporary tarsorraphy to reduce the risk of suture dehiscence has been recommended.103 Bipedicle and Bridge Grafts Bipedicle or bridge conjunctival grafts have been described for linear corneal defects and large axially located lesions, with the advantage of providing additional blood supply. With this technique, the bridge graft carries a reduced risk of ischemia at the graft tip relative to the bipedicle graft.93 The technique for creating a bipedicle graft involves creating two conjunctival pedicle grafts with their bases located 180 degrees apart, allowing the tips of the graft to meet over the lesion. A bridge graft involves creating two 140- to 180-degree bulbar conjunctival incisions, separated by a distance 1 to 2 mm wider than the lesion (Figure 57-28). Hood Grafts
 
 Figure 57-27.  Appearance of a conjunctival pedicle graft 3 weeks after surgery showing a healthy, well-vascularized pedicle.
 
 the fornix, again taking care to separate the thin conjunctival flap from Tenon’s capsule. Two slightly diverging incisions are then made through the conjunctiva from the edge of the initial incision extending toward the fornix. The resulting strip of conjunctiva is sutured to the cornea after preparation of the recipient bed as described previously. Tarsoconjunctival Grafts Conjunctival grafts harvested from the palpebral conjunctiva of the upper eyelid have also been reported. Tarsoconjunctival grafts are created similar to a conjunctival pedicle graft but differ
 
 A hood conjunctival graft can be used to cover larger lesions close to the limbus. With this technique, a single incision is made 1 mm from the limbus, and the conjunctiva is undermined and advanced axially to cover the lesion (Figure 57-29). A hood graft can also be used to provide temporary additional protection of a peripheral corneal incision made for intraocular procedures. Free Island and 360-Degree Grafts Free island grafts have been described but are rarely useful, because their main disadvantage is the absence of a blood supply.105 Also reported but rarely used are 360-degree grafts, because they preclude vision and prevent visualization of the globe. Their main use is for large lesions that cannot be effectively treated with one of the other grafting procedures. The 360- degree graft involves harvesting circumlimbal bulbar conjunctiva, which is subsequently undermined and advanced to cover the entire cornea (Figure 57-30).
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 surgery (see earlier). Systemic NSAIDs may also be indicated. The main complications associated with conjunctival grafting include graft dehiscence and infection. It should also be noted that although graft remodeling will reduce postoperative scarring, there can be a significant effect on vision, particularly if the graft is large or axially located. Once pedicle grafts have healed in place and the corneal defect has healed, the attachment stalk to the conjunctiva can be cut, thus removing the blood supply. Trimming is typically performed 6 to 8 weeks postoperatively. Light sedation is recommended along with application of a topical anesthetic to the eye. For greatest effect, the topical anesthetic can be placed onto a cotton-tipped applicator that is held directly against the site to be trimmed. The stalk of the pedicle is then grasped with forceps, and one blade of the tenotomy scissors is placed between the cornea and the pedicle, close to the corneal lesion, and the stalk transected. Hemorrhage can be controlled by topical 2.5% phenylephrine if needed. The remaining pedicle will retract and remodel over time if left, or alternatively it can be trimmed close to the limbus. Removal of the blood supply to the graft helps to reduce its size and improves the visual outcome.
 
 Amniotic Membrane Transplantation
 
 Figure 57-29.  Hood conjunctival graft. A, An incision is made 1 mm from the limbus, and the bulbar conjunctiva is undermined toward the fornix. B, The graft is sutured to the episclera at the edges of the incision. C, The graft is sutured to the cornea.
 
 A
 
 Amniotic membrane transplantation can be used as an alternative to a conjunctival pedicle graft.106-108 Used in cases of corneal ulceration, amnion has been reported to promote wound healing and epithelialization, reduce inflammation, and decrease fibrosis.109 This may be through reduced expression of matrix metalloproteinases (MMPs) and increased expression of tissue inhibitors of metalloproteinases (TIMPs) in the cornea.110 Equine amnion can be used fresh or can be stored frozen (Box 57-1). If frozen, the graft should be thawed and subsequently washed for 30 minutes in sterile saline before application. It can be sutured to the cornea with simple-interrupted sutures of 6-0 to 8-0 polyglactin 910, ensuring that the chorion side is oriented toward the cornea. Postoperatively, after reabsorption of the amnion (which may require several months), a new fibrotic stroma forms, which can reduce corneal transparency.111 However, it has been proposed that amniotic membrane transplantation results in reduced corneal scarring compared to that resulting from a conjunctival pedicle graft.112 A recent review describes the use of amnion as a graft, a “biologic contact lens,” or its use in multiple layers as a “corneal filler.” Included in the review is a series of 58 cases describing an excellent cosmetic outcome with corneal scarring classified as mild in 69% of cases.113 Box 57-1.  Collection and Storage of Equine Amnion122
 
 B Figure 57-30.  360-degree conjunctival flap. A, The bulbar conjunctiva is incised circumferentially around the limbus and is undermined toward the fornix. B, The apposing sides of the flap are sutured together with mattress sutures.
 
 Postoperative Management of Conjunctival Grafts In the postoperative period, topical antibiotics and topical antifungals are typically indicated and may be administered with most ease via a subpalpebral lavage line placed at the time of
 
 Source: Harvest fresh placenta after routine cesarean section Harvesting: Separate the amnion from the vascularized chorion by blunt dissection Cleaning: Rinse with phosphate buffered saline containing 2.5 g/mL amphotericin B, 100 g/mL neomycin, 50 g/mL streptomycin, and 50 g/mL penicillin Preparation: Place with epithelial side up on 0.45-µm nitrocellulose paper, cut into 4 × 4 cm squares Storage: Store up to 12 months at −80° C in 1 : 1 Dulbecco’s modified Eagle’s medium and glycerol, containing 2.5 g/mL amphotericin B, 100 g/mL neomycin, 50 g/mL streptomycin, and 50 g/mL penicillin
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 Sliding Lamellar Keratoplasty (Keratoconjunctival Transposition) A sliding lamellar keratoplasty is suited for the repair of a deep corneal defect where the surrounding cornea is healthy and where achieving a clear axial cornea is desired.114 Variants of this procedure include corneoscleral transposition and corneoconjunctival transposition.44,115 The procedure for corneoconjunctival transposition is described here; this procedure is more commonly performed because it preserves the structural integrity of the sclera. Using the technique described for a keratectomy, necrotic corneal stroma is removed from the lesion and a square healthy recipient bed is created. A No. 64 or No. 69 Beaver blade is used to perform two diverging partial-thickness corneal incisions, extending from the site of the lesion 1 mm into the conjunctiva beyond the limbus. Using a Martinez corneal dissector or a Beaver blade, the superficial cornea delineated by the two incisions is separated from the underlying deeper corneal stroma at the required thickness. To facilitate dissection, the leading edge of the cornea can be grasped with corneal forceps, though handling should be minimized. When the dissection has passed the limbus, it is extended into the subconjunctival tissue, leaving the flap of cornea to be advanced attached to the conjunctiva. The conjunctiva is isolated from Tenon’s capsule using blunt dissection with tenotomy scissors. The graft can then be advanced into the lesion and sutured in place with 6-0 to 8-0 polyglactin 910 in a simple-interrupted pattern (Figure 57-31). Postoperative care is as described for conjunctival grafting, with the exception of trimming of the conjunctiva, which should not be performed after a corneoconjunctival transposition. Dehiscence and infection are possible complications.
 
 General Principles for Corneal Grafting Deep corneal stromal abscessation is the main indication for the use of corneal grafting procedures, though these techniques have also been used for corneal endothelial disease and large
 
 A
 
 corneal perforations.114 The procedures place donor corneal tissue at the site of the excised tissue to facilitate healing and help reduce scar formation. Because they are allografting procedures, they do carry the risk of graft rejection and failure, despite the cornea’s status as an immune privileged site.116 Donor corneal tissue can be harvested fresh or stored frozen. For collection, the donor cornea should be placed epithelial side down on a Teflon block, and a button should be removed with a corneal trephine or disposable punch biopsy. If the tissue is to be used fresh, the epithelium should be completely débrided; otherwise the corneal button can be frozen. Fresh corneal tissue harvested within 48 hours of use is preferable, because freezing damages the corneal endothelial cells.117 However, whereas fresh tissue is commonly used in human ophthalmology, it is rarely used in horses for practical reasons, so subsequent opacification of the graft is common. Placement of the donor corneal button in the recipient site should be performed with the endothelial side facing the anterior chamber. Cardinal simpleinterrupted sutures of 7-0 to 8-0 polyglactin 910 should be placed at the 3, 6, 9 and 12 o’clock positions before securing the donor tissue with a simple-interrupted or simple-continuous pattern. The excised, diseased corneal button may be cultured and submitted for histopathology as indicated. A number of surgical approaches are available, with the choice of technique depending on both the nature of the lesion and the surgeon’s comfort and familiarity with the procedure. For instance, where a focal deep corneal abscess is present, which is typically at the level of deep stroma adjacent to and involving Descemet’s membrane, the surgical approach is to excise the lesion. This can be achieved by excising full-thickness cornea with a penetrating keratoplasty (PK) or excising the deeper abscessed region of the cornea, while retaining the superficial corneal layers using procedures such as a posterior lamellar keratoplasty (PLK) or a deep lamellar endothelial keratoplasty (DLEK). All of these procedures use a corneal graft to fill the defect left in the cornea following excision of the abscess. However, the tendency has been to move away from using PK for deep corneal abscesses, because the overlying cornea is
 
 B
 
 Figure 57-31.  Sliding lamellar keratoplasty (corneoconjunctival technique), with diverging corneal incisions extending into the conjunctiva. A, A Martinez dissector is used to elevate the flap of cornea, and tenotomy scissors are used to undermine the bulbar conjunctiva. The graft is advanced over the defect and sutured along the edges of the incisions. B, Alternatively, the donor corneal tissue may be harvested from a site distant to the defect.
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 typically not infected and is usually in good condition. PLK and DLEK allow excision of the focal abscess with retention of the overlying cornea. Additionally, we have found that good results can be achieved without placing graft material if a careful dissection of the deep abscess is undertaken while retaining the unaffected overlying portion of the cornea.
 
 However the major complication is dehiscence of the graft, and the risk of this is reportedly increased if the graft is larger than 8 mm in diameter or is applied close to the limbus.115 However, the prognosis can be considered good with a visual outcome reported in 78% of horses with inflammatory keratopathy treated with a PK.94
 
 Corneal Grafting Techniques
 
 Posterior Lamellar Keratoplasty
 
 Penetrating Keratoplasty
 
 An alternative to a PK is a penetrating lamellar keratoplasty. It is suitable for abscesses involving the deep corneal stroma, Descemet’s membrane, and underlying endothelium. The advantage of the PLK is that it leaves the healthy anterior corneal stroma and epithelium intact, because only the abscessed region is removed and an allograft applied to replace the diseased tissue.120 Relative to a PK, a PLK may result in reduced postoperative scarring, it carries a decreased risk of dehiscence, and the surgical time is reportedly shortened.118 The procedure involves using a No. 64 or No. 69 Beaver blade to create a three-sided corneal incision of approximately 50% corneal thickness over the lesion to be removed. This flap should be slightly larger than the lesion to be removed. A Martinez corneal dissector or Beaver blade is then used to separate the corneal stroma, allowing the created flap to be elevated and reflected to reveal the abscessed region. The diseased tissue is removed with a corneal trephine and curved universal corneal scissors. This excision involves the entire remaining thickness of the cornea and thus penetrates the anterior chamber, necessitating the use of a viscoelastic agent. Donor corneal tissue is subsequently sutured into the site as described earlier. For this procedure, the donor tissue should have the anterior half of the stroma removed by dissection so that only the posterior cornea, including Descemet’s membrane, is used. As previously mentioned, we have also achieved excellent results by simply replacing the flap and not placing an allograft. In either instance, the anterior corneal flap should be sutured back into position with simple-interrupted sutures  of 7-0 to 8-0 polyglactin 910 (Figure 57-33). Postoperative care is as for PK. Vascularization, scarring, graft dehiscence, and ulceration are among reported complications.118 However, the prognosis is excellent with a positive visual outcome reported in 98% of cases.94
 
 A penetrating keratoplasty is the surgical placement of a fullthickness donor corneal button into the recipient tissue. Before commencing the procedure, the lesion should be measured with Jameson calipers and the prepared corneal donor button should be 1 to 2 mm larger in diameter than the intended recipient site. The corneal epithelium surrounding the recipient site should subsequently be débrided. A corneal trephine or disposable biopsy punch is used to incise the cornea to a depth of 75% of the stroma. The incision is then continued with a No. 65 or No. 69 Beaver blade to penetrate the anterior chamber. A viscoelastic agent is used to fill and maintain the anterior chamber, facilitating manipulations of the cornea and reducing the risk of hypotony. The incision can be completed with curved universal corneal scissors and the button of diseased cornea removed. The donor button is sutured into position as described earlier (Figure 57-32). Some surgeons choose to suture an amniotic membrane or conjunctival graft over the cornea for additional security. If a corneal graft is chosen, it will also provide a vascular supply and may decrease the risk of dehiscence and secondary infections.46,118 The downside to their use is that they will increase the resulting scar and hence may limit vision; this may be less of a concern if amniotic membrane is used.113 Postoperatively, topical antibiotics and antifungals should  be supplemented with a topical mydriatic, and systemic antiinflammatories should be administered. Vascularization and subsequent scarring at the surgical site are to be anticipated.119
 
 Figure 57-32.  Postoperative appearance of a penetrating keratoplasty
 
 Figure 57-33.  Postoperative appearance of a posterior lamellar kera-
 
 (PK).
 
 toplasty (PLK).
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 Deep Lamellar Endothelial Keratoplasty Deep lamellar endothelial keratoplasty represents an alternative to a PLK, designed to reduce corneal scarring by initiating the corneal incision at the limbus. The procedure is therefore particularly useful for lesions involving the peripheral cornea.94 The procedure involves creating a pocket over the site of the lesion using a Martinez corneal dissector. This is initiated with a limbal incision using a No. 64 Beaver blade. Once the pocket has been created, a corneal trephine can be introduced, and surgery proceeds as described for a PLK (Figure 57-34). Postoperative care and potential complications are the same as those described for PLK. With this procedure a positive visual outcome was reported in 89% of cases.94 A separate study has described a positive visual outcome with minimal scarring in 100% of cases.121
 
 Figure 57-34.  Postoperative appearance of a deep lamellar endothelial keratoplasty (DLEK).
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 Intraocular Surgery Wendy M. Townsend
 
 Equine intraocular surgery is performed primarily to treat equine recurrent uveitis, cataracts, and glaucoma. The relevant diagnostic procedures, anesthetic considerations, and surgical techniques are discussed for each condition within this chapter.
 
 with increased aqueous protein levels can create adhesions between the posterior iridal epithelium and the anterior lens capsule, called posterior synechia. Extensive posterior synechia can completely obstruct the pupil, causing vision loss. Complete seclusion (blockage) of the pupil can interfere with the
 
 EQUINE RECURRENT UVEITIS Equine recurrent uveitis (ERU), also known as moon blindness, is one of most common causes of blindness in horses. This immune-mediated condition has a prevalence of approximately 2% in the United States. ERU is characterized by repeated episodes of intraocular inflammation.
 
 Tapetum Superior rectus muscle
 
 Choroid Zonules
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 Anatomy and Physiology The uveal tract is composed of the iris, ciliary body, and choroid (Figure 58-1). Damage to the uvea disrupts the ocular blood aqueous barrier (BAB) or the blood retinal barrier.1 Breakdown of the BAB causes vascular dilation and increased vascular permeability, which leads to increased levels of protein and cells within the aqueous humor and vitreous. The increased protein within the aqueous humor scatters light (the Tyndall effect) when illuminated with a focused beam of light.2 This so-called aqueous flare represents the hallmark of uveitis. Prostaglandins and leukotrienes are the primary inflammatory mediators.3 The prostaglandins cause hyperemia and a reduced intraocular pressure (IOP) (hypotony). Prostaglandins, particularly prostaglandin F2-alpha, constrict the iris and ciliary muscles, causing miosis and pain. Prolonged miosis combined
 
 Sclera
 
 Optic nerve
 
 Optic disc
 
 Lens Cilia
 
 Vitreous Corpora nigra
 
 Pupil Cornea
 
 Retina
 
 Inferior rectus muscle
 
 Sclera
 
 Anterior chamber Iris
 
 Choroid
 
 Figure 58-1.  A cross-section of an equine eye.
 
 flow of aqueous humor. Fluid can become trapped behind the iris and cause anterior bowing of the iridal face, called iris bombé. The altered fluid dynamics can cause secondary glaucoma. Equine recurrent uveitis is characterized by recurrent or persistent bouts of ocular inflammation. ERU cannot be diagnosed after a single bout of uveitis. Immunologic studies have demonstrated the formation of autoantibodies directed at the corneal endothelium and retinal photoreceptors.4-6 The most frequently implicated inciting cause is infection with Leptospira interrogans. In one German study, 75% of vitreous samples from horses with ERU were culture positive for leptospires and 100% were positive by polymerase chain reaction (PCR).7 However, in chronically affected globes, leptospires were infrequently detected.8 The association of ERU with leptospires may be based on antigenic homology between microbial peptides and autoantigens.9
 
 Relevant Ocular Examination Techniques and Findings A complete ophthalmic exam is critical for the diagnosis of ERU. Uveitis can be caused by corneal ulceration, stromal abscess, and ocular trauma. These conditions must be definitively excluded to determine the appropriate therapy. Sedation, an auriculopalpebral nerve block, and application of a topical anesthetic agent greatly aid the examination of a painful eye. The visual status and level of discomfort must be ascertained. Fluorescein stain is then applied to the corneal surface to facilitate detection of corneal ulcers. Because topical application of corticosteroids is absolutely contraindicated in the face of corneal ulceration, this step is critical. The cornea should then be carefully examined, preferably with a slit lamp biomicroscope. A corneal stromal infiltrate suggests of corneal stromal abscess. The anterior chamber should be examined with a slit lamp biomicroscope to detect aqueous flare. Fibrin can be seen as strands or clots within the anterior chamber. It is possible to see cells suspended within the aqueous humor; they appear as particulate material circulating within the focused beam of light. Hyphema (blood in the anterior chamber) and hypopyon (purulent material in the anterior chamber) may occur with severe inflammation. The IOP should be assessed because hypotony is a subtle sign of uveitis.10 Furthermore, glaucoma can occur secondary to chronic uveitis. Glaucoma may require additional therapy and alter the long-term prognosis. Pupil size and response to light should be noted because inflammation can induce marked miosis. The iris should be closely examined for anterior or posterior synechia. Fibrin may form a web across the corpora nigra, preventing pupillary dilation. A markedly miotic pupil may severely compromise vision. The lens should be closely examined, preferably after pupillary dilation. Chronic inflammation induces cataract formation, likely because of diffusion of inflammatory mediators across the lens capsule.11,12 The inflammatory products can also lyse the lens zonules.13 Extensive zonular destruction allows the lens to luxate from the patellar fossa. The anterior vitreous is examined with the slit lamp biomicroscope. The posterior vitreous is examined with an indirect ophthalmoscope and condensing lens. Liquefaction or condensation of the vitreous, an inflammatory cell infiltrate, and vitreal hemorrhage have been noted in patients with uveitis. The retina
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 should be examined using indirect and or direct ophthalmoscopy. Areas of retinal detachment, subretinal exudates, retinal scarring, and optic nerve inflammation or atrophy should be identified. Posterior segment involvement influences pharmacologic therapy, potential success as a surgical candidate, and long-term visual prognosis.
 
 Diagnostic Procedures A full physical examination, complete blood count, and serum biochemical profile can assist in detecting underlying systemic disease. If the horse has received previous systemic nonsteroidal anti-inflammatory drugs (NSAIDs), renal parameters, and serum protein levels, an indicator of gastrointestinal mucosal health, should be established.14 Serologic testing for Leptospirosis spp. should be strongly considered in endemic areas, but interpretation can be difficult.9 Serum antibody titers are significantly higher in horses with ERU.15 However, 19% of normal horses have elevated serum antibody titers.15 Also, the presence of elevated serum antibody titers does not correlate well with the isolation of L. interrogans from vitreous humor.15 A positive titer for serovars at dilutions of 1 : 400 or greater is considered clinically significant,16 and systemic antibiotic therapy (e.g., doxycycline, 10 mg/kg PO twice a day for 30 days) should be administered before considering surgical therapy. One can perform aqueous paracentesis to obtain samples for pathogen culture, cytologic, and/or serologic evaluation. General anesthesia is recommended. The eye is routinely prepared with dilute povidone-iodine (Betadine) solution. An eyelid speculum is placed and a topical anesthetic agent is applied to the cornea and conjunctiva. The conjunctiva is grasped near the limbus with small-toothed forceps. A 25-gauge (or smaller) needle attached to a 1-mL syringe is inserted under the conjunctiva, through the limbus, and into the anterior chamber (Figure 58-2). The needle should be directed parallel to the plane of the iris. No more than 0.5 mL of aqueous should be removed.
 
 Figure 58-2.  Paracentesis of the anterior chamber. A 25-gauge needle attached to a 1-mL syringe is inserted into the anterior chamber at the limbus, and fluid is withdrawn.
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 Anesthetic Considerations The surgical techniques described are typically performed under general anesthesia. Retrobulbar anesthesia (see Chapter 55) or neuromuscular blocking agents may assist in globe positioning. For all ocular procedures, a smooth recovery from anesthesia prevents further trauma to the globe and decreases postoperative complications.
 
 Required Surgical Equipment For intraocular surgery to be successful, the surgeon should be trained in microsurgery and perform enough intraocular procedures to stay competent. Magnification, usually an operating microscope, and microsurgical instruments must be available. The specific instrumentation required for performing intra vitreal injections (Table 58-1), suprachoroidal cyclosporine implants (Table 58-2), and pars plana vitrectomy (Table 58-3) are listed later.
 
 Relevant Pharmacology Corticosteroids, mydriatics, and NSAIDs are used to reduce inflammation and minimize permanent ocular damage at each episode of active uveitis. They do not effectively prevent recurrence of disease. Corticosteroids are applied topically or injected subconjunctivally together with topical 1% atropine sulfate to reduce inflammation and stabilize the BAB. Prednisolone acetate 1% ophthalmic suspension and dexamethasone 0.1%
 
 TABLE 58-1.  Surgical Instrumentation Recommended for an Intravitreal Injection Instrument
 
 Quantity
 
 Solid blade eyelid speculum Castroviejo caliper Bishop-Harmon forceps   (9 cm, 1 × 2 0.5-mm teeth) Sterile cotton-tipped applicators
 
 1 1 2 Package of 10
 
 TABLE 58-2.  Surgical Instrumentation Recommended for Suprachoroidal Cyclosporin (CsA) Implantation Instrument Ocular adhesive drape Eyelid speculum Bishop-Harmon forceps (9 cm, 1 × 2 0.5-mm teeth) Derf needle holder Suture scissor (any type) 4-0 silk (stay suture) Mosquito hemostatic forceps Castroviejo caliper Stevens tenotomy scissor 0.3-mm Colibri forceps No. 64 microsurgical blade and handle Castroviejo needle holder 5-0 to 6-0 polyglactin 910
 
 Quantity 1 1 1 1 1 1 2 1 1 1 1 1 1
 
 are the only topical corticosteroids that can achieve therapeutic concentrations in the aqueous humor.17 NSAIDs are administered systemically, particularly if posterior segment inflammation is noted. Intracameral injection of tissue plasminogen activator may be used to dissolve organized fibrinous exudates in the anterior chamber. Aspirin and phenylbutazone may be used by some clinicians to prevent or decrease the severity of recurrent episodes. However, these medications have potentially detrimental side effects when used chronically in the horse.
 
 Surgical Techniques Intravitreal Injections For a vitreal injection, a 22- to 23-gauge needle is used. General anesthesia is preferred. The needle is inserted 10 mm behind the limbus at the 12 o’clock position, through conjunctiva, sclera, and the pars plana of the ciliary body. The needle is directed toward the posterior pole of the eye to avoid traumatizing the lens. Because the needle often cannot be observed, intravitreal injections carry a greater risk of injury to the eye. Intravitreal injections of triamcinolone acetonide are used to control inflammation in human patients with recurrent uveitis.18 A study performed in normal equine eyes did not note any overt toxicity from intravitreal triamcinolone injections.19 The ocular triamcinolone levels persisted for up to 21 days.19 However, 4 out of 12 eyes (3 of which were controls) developed bacterial endophthalmitis. This finding highlighted the need for meticulous aseptic technique and the use of topical and/or systemic antimicrobials at the time of injection.19 I have injected 10 mg of filtered triamcinolone acetonide with 20 mg of ampicillin intracamerally in cases with intractable uveitis. Improvement in the uveitis was noted. Endophthalmitis has not been a complication. However, several horses developed persistent superficial corneal ulcers. Because of the complications associated with triamcinolone injections, other TABLE 58-3.  Surgical Instrumentation Recommended for Pars Plana Vitrectomy (PPV) Instrument
 
 Quantity
 
 Ocular adhesive drape Eyelid speculum Bishop-Harmon forceps (9 cm, 1 × 2 0.5-mm teeth) Suture scissors (any type) Castroviejo caliper Stevens tenotomy scissors 0.3-mm Colibri forceps CO2 laser Irrigation port Equine vitrector Custom globe manipulator (recommended) or Derf needle holder 4-0 silk (stay suture) mosquito hemostatic forceps Castroviejo needle holder 4-0 polyglactin 910 500 mL saline solution + 40 mg gentamicin Indirect ophthalmoscope 20D condensing lens
 
 1 1 1 1 1 1 1 1 1 1 1
 
 1 1 1 bottle/eye 1 1
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 1 mm
 
 Figure 58-3.  Cyclosporine-containing device for placement in the suprachoroidal space for long-term treatment of equine recurrent uveitis. (Courtesy Dr. Mike Robinson.)
 
 Figure 58-4.  Location of the placement of a suprachoroidal drugdelivery device. Drug delivery occurs in the direction of the arrows.
 
 agents such as rapamycin are currently under investigation. In preliminary studies, rapamycin injected subconjunctivally and intravitreally did not produce evidence of ocular irritation or toxicity.20 Suprachoroidal Cyclosporine Implantation A device that allows constant release of cyclosporine A (CsA) was developed for placement in the suprachoroidal space directly adjacent to the ciliary body (Figure 58-3). The best candidates for CsA implantation are horses that have chronic ERU and experience frequent recurrences after stopping medication. The horse must have little or no active inflammation at the time of surgery. Horses whose inflammation cannot be controlled with anti-inflammatory medications are not good candidates for CsA implantation. Inflamed eyes are more prone to surgical and postsurgical complications. Equine patients with significant cataract formation and glaucoma are also considered poor candidates. The horse is placed under general anesthesia. A 1-cm conjunctival incision is made in the dorsolateral bulbar conjunctiva. A 7-mm-wide scleral flap is prepared, exposing the uveal tract approximately 8 mm posterior to the limbus and just lateral to the insertion of the dorsal rectus muscle (Figure 58-4). The CsA-containing device is placed into the incision, in contact with the uveal tract (Figure 58-5). The scleral flap is closed over the implant using 5-0 to 6-0 polyglactin 910 or similar absorbable suture material in a simple-interrupted pattern (Figure 58-6). Recommended postoperative medications include flunixin meglumine (500 mg PO once a day) for 5 days, topical triple antibiotic ophthalmic ointment twice a day for 10 days, and topical atropine ointment once a day for 7 days. Some horses have a mild flare-up after flunixin meglumine is discontinued. If this occurs additional systemic NSAIDs may be needed.
 
 Figure 58-5.  A 7-mm-wide scleral flap is made exposing the uveal tract (the black uvea is just visible through the sclera) approximately 8 mm posterior to the limbus and just lateral to the insertion of the dorsal rectus muscle.
 
 A long-term clinical trial of 133 horses with documented ERU demonstrated retention of vision in 78% of cases.21 The complications resulting in vision loss were persistent uveitis, glaucoma, mature cataracts, and retinal detachment. The mean frequency of uveitis episodes was 0.09 episodes per month after
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 Figure 58-7.  Custom-made globe manipulator to facilitate globe rotation during laser sclerotomy.
 
 Figure 58-6.  The cyclosporine-containing device is placed into the incision, in contact with the uveal tract. The scleral flap and conjunctival incision is closed with 6-0 polyglactin 910 suture material in a simpleinterrupted pattern, followed by closure of the conjunctiva over the scleral incision.
 
 placement of the CsA implant.21 Inflammatory episodes increased 48 months after the initial surgery. Therefore, the authors suggest a second CsA implant might be required approximately 48 months following the initial surgery.21 Pars Plana Vitrectomy First described in 1991,* pars plana vitrectomy (PPV) has been increasingly employed in the treatment of ERU, particularly in Europe.22-24 The beneficial effect of PPV most likely results from the physical removal of resident inflammatory cells from the vitreous.25 The most common complications are transient hypopyon, vitreal or retinal hemorrhage, retinal detachment, and cataract formation. The potential complications of PPV necessitate careful patient selection and thorough owner education. Minimal inflammation should be present at the time of surgery. Transpupillary visualization of the vitrectomy probe is required. Therefore the ocular media must be transparent and the pupil must dilate maximally. Preexisting focal cataracts are likely to progress. Patients with secondary glaucoma, phthisis bulbi, or retinal detachment are poor candidates for PPV. Topical neomycin, polymyxin B, and dexamethasone (NPDex) ophthalmic solution is administered four times a day for 1 week before surgery. Flunixin meglumine is administered beginning 3 days preoperatively. The pupil is dilated with 1% atropine drops on the day of surgery. Postoperatively, topical NPDex is administered 3 times weekly for 2 weeks and then tapered over 4 weeks. Systemic NSAIDs are continued for 1 week. A standard two-port PPV is performed with the horse in lateral recumbency under general anesthesia. The eye *Editor’s note: The first successful vitrectomy was performed in 1983 in the Equine Clinic in Wahlstedt, Germany, by L. Koehler and his associates.
 
 Figure 58-8.  The irrigation port of the two-port vitrectomy unit is anchored to the sclera using 4-0 Vicryl suture.
 
 is prepared for intraocular surgery. After draping, an eyelid speculum is inserted. A lateral canthotomy may improve exposure. With a custom-made globe manipulator (Figure 58-7) or limbal stay suture, the globe is rotated to expose the dorsal bulbar conjunctiva. A limbal-based conjunctival flap is prepared and the sclera exposed medial and lateral to the dorsal rectus muscle. Using a CO2 laser in continuous mode at 50 W, a sclerotomy is performed 10 mm posterior to the limbus. A righthanded surgeon places this first entry to the left of the rectus muscle. The irrigation port is inserted and secured to the sclera with a 4-0 polyglactin 910 suture (Figure 58-8). The irrigation fluid consists of physiologic saline solution with 40 mg of gentamicin added per 500 mL. The fluid bottle is positioned 85 cm higher than the globe to maintain an intraocular pressure  (IOP) of 40 mm Hg. The infusion is started at a flow rate of 20 mL/min. A second sclerotomy is performed 10 mm posterior to the limbus and to the right of the rectus muscle (Figure 58-9). The vitrectomy probe is carefully inserted and advanced toward the central vitreous. A custom-made 55-mm oscillating vitrectomy probe is used at 6.5 Hz with an aspiration vacuum of 240 mm Hg (Figure 58-10). Care is taken to avoid touching the lens (Figure 58-11). The probe is held with the aspiration port facing the surgeon. The port can be visualized through the pupil using an indirect binocular ophthalmoscope (Figure 58-12).
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 Figure 58-11.  The custom-made vitrectomy handpiece is advanced into the center of the vitreous cavity.
 
 Figure 58-9.  CO2 laser sclerotomy for the vitrectomy handpiece.
 
 Figure 58-12.  Vitrectomy is performed in a darkened operating theater and independent irrigation port.
 
 using a binocular indirect ophthalmoscope and a 20D lens. The vitrectomy probe can be visualized through the dilated pupil. (Courtesy Dr. B. Wollanke.)
 
 With a 20 diopter lens in the left hand and the vitrectomy probe in the right, the vitrectomy is started. The shadow cast on the retina by the probe assists the surgeon in estimating the distance between the probe and the retina. The IOP should be maintained at approximately 40 mm Hg. Slight wrinkling of the retina indicates the IOP may be too low. If this is noted, the surgery should be interrupted until a normal IOP is restored. The procedure is continued until all turbid vitreal material has been removed. Under continuous irrigation, the vitrectomy probe is removed and the sclerotomy is closed with one or two preplaced simple-interrupted sutures using 4-0 polyglactin  910. Subsequently, the irrigation port is removed. Remaining 
 
 vitreous usually prevents fluid from escaping through this sclerotomy, which is closed with 4-0 polyglactin 910. The conjunctiva is closed with polyglactin 910 in a continuous pattern. The canthotomy is closed with a figure-of-eight suture using 4-0 nonabsorbable suture material. At the end of surgery, 20 mg of methylprednisolone is injected subconjunctivally into the inferior bulbar conjunctiva. In one study of 38 cases, 33 eyes showed no recurrence during a follow-up period of up to 5 years.24 Five eyes had a recurrence of uveitis between 10 days and 3 years postoperatively; two demonstrated marked loss of vision, and three maintained preoperative vision.24 Vision remained stable in 28 eyes
 
 Figure 58-10.  Custom-made vitrectomy handpiece with a 55-mm shaft
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 and improved in 1 eye. The remaining eyes showed marked vision loss as a result of cataracts (3), phthisis bulbi (1), or unknown causes (1). In an earlier study of 43 eyes, 42 remained free of recurrent uveitis during the 67-month follow-up period, and of these eyes, 70% retained some vision.26 The most common complication was cataract formation in 19 of 43 eyes, followed by phthisis bulbi in 6 eyes, and retinal detachment in 4 eyes.
 
 CATARACTS A cataract refers to any opacity of the lens. Cataracts may occur as a congenital lesion. In Morgan, Belgian, Quarter Horse, and Thoroughbred bloodlines, cataracts occur as a dominant trait.27,28 Therefore breeding of affected individuals is not recommended. Cataracts also occur in Rocky Mountain horses with anterior segment dysgenesis (ASD).29 In adult horses, cataracts often occur secondary to chronic ERU.28 Blunt or penetrating ocular trauma can incite cataract formation. Older horses may develop senile cataracts.
 
 Anatomy and Physiology The crystalline lens is the transparent, biconvex structure that “fine focuses” light on the retina.30 Zonular fibers suspend the lens behind the iris in the patellar fossa. The zonules extend from the ciliary body and insert onto the lens equator. Breakage of the zonules allows the lens to shift within the patellar fossa (lens subluxation), displace into the anterior chamber (anterior lens luxation), or displace into the posterior segment (posterior lens luxation). Lens luxations occur relatively frequently in horses.9 Lens luxations may occur secondary to trauma, glaucoma with buphthalmos, resorption of a hypermature cataract, or chronic ERU. Rocky Mountain horses with ASD may suffer lens luxation because of inherited zonular abnormalities.
 
 Relevant Ocular Examination Techniques and Findings Mydriasis is required to completely examine the lens. Topical application of a rapid-onset mydriatic (1% tropicamide ophthalmic solution) will dilate the pupil within 30 minutes.31 An opacity may be axial (along the visual axis), equatorial, capsular, subcapsular, cortical, or nuclear. The cataract can be classified based on the extent of lenticular involvement: incipient (less than 15%), immature (15% to 99%), mature (100%), and hypermature (100% with resorption of cortical material) (Figure 58-13). The degree of visual impairment depends upon the size, location, and density of the opacity. The remainder of the eye should be inspected closely for evidence of uveitis and other ocular abnormalities. A fundic examination should be performed if possible. Congenital and traumatic cataracts typically have the best long-term prognosis for maintaining vision.32 Rocky Mountain horses with ASD have a poorer prognosis because of the associated retinal dysplasia that predisposes to retinal detachment.29,32 Horses with cataracts secondary to ERU have a guarded longterm prognosis for vision, because repeated bouts of uveitis often result in keratitis, retinal detachment, synechiae, or phthisis bulbi and blindness.32 The temperament of the individual also should be carefully considered because restricted activity and the application of topical ocular medications are required
 
 Figure 58-13.  A horse with an immature cataract.
 
 for 4 to 6 weeks after surgery. Postoperative trauma incurred while applying medications or suture breakage because of excessive activity can diminish the success of the procedure. Foals with congenital cataracts should undergo surgery early if the cataract completely obscures vision.32 Human infants with complete cataracts have a better success rate if surgery is performed in the first 6 weeks of life to allow proper development of the visual neural network.33 Although the definitive age by which cataract surgery must be performed in foals is not known, current recommendations favor surgical intervention before 6 months of age.32
 
 Diagnostic Procedures A complete physical examination should be performed with special emphasis placed on the respiratory system. Occult respiratory infection, especially with Rhodococcus equi, can result in postoperative endophthalmitis. A complete blood count with fibrinogen levels should be performed to detect underlying systemic infection or inflammation. A serum biochemistry profile provides baseline renal values and ensures the normal organ function. If the cataract obscures visualization of the fundus, an electroretinogram (ERG) and ocular ultrasonography should be performed. The latter assists in detecting retinal detachments, vitreal opacities, and remnants of the hyaloid vasculature. Retinal detachments preclude cataract surgery. The ERG evaluates retinal, particularly photoreceptor, function; it can detect diffuse retinal degeneration, especially in patients with evidence of trauma or chronic ERU. The ERG can also be used to rule out congenital stationary night blindness, which occurs in Appaloosas, Thoroughbreds, Paso Finos, and Standardbreds.34-36
 
 Anesthetic Considerations Intraocular surgery is performed under general anesthesia. Either retrobulbar anesthesia or systemic neuromuscular blockade is required to facilitate globe positioning and prevent compression of the globe by the extraocular muscles. Maintaining normal globe shape and IOP decreases the likelihood of posterior capsular tears, iris prolapse, and expulsion of ocular contents through the corneal incision. Retrobulbar anesthesia is performed as described in Chapter 55.
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 TABLE 58-4.  Surgical Instrumentation Recommended for Phacoemulsification
 
 Figure 58-14.  A standard phacoemulsification needle is shown in the lower aspect of the photograph. The significantly longer equine phacoemulsification needle is shown in the upper aspect of the photograph.
 
 The neuromuscular blocking agent atracurium besylate (10 mg/mL, currently available only as a generic formulation, formerly available as Tracrium) or pancuronium (1 or 2 mg/ mL, generic formulations or Pavulon) are administered at 0.12 to 0.2 mg/kg IV and provide a duration of action of 30 to 60 minutes.37 Atracurium is preferred because of its reliable duration of action, lack of cumulative effect, lack of cardiovascular effects, and lower costs.37 The degree of neuromuscular blockade should be monitored with a train of four stimulations from a peripheral nerve stimulator.37 For ocular procedures, the superficial peroneal nerve is more accessible than the facial nerve.38 The reversal agent edrophonium chloride (10 mg/mL, Tensilon, Enlon, or Reversol) is administered at 0.5 to 1.0 mg/ kg, slowly by IV before recovery to ensure that residual neuromuscular blockade does not compromise the ability of the horse to stand. Recoveries after neuromuscular blockade are generally scored as good to excellent.37
 
 Required Surgical Equipment An operating microscope and phacoemulsification system are required to optimally perform equine cataract surgery. Phacoemulsification uses ultrasonic energy to break up lens material, which is removed through an aspiration port. Continuous irrigation maintains adequate pressures within the anterior chamber. Surgery can be performed through a small incision, which reduces the risk of iris prolapse and other operative complications. The degree of postoperative inflammation is significantly reduced. Phacoemulsification systems configured for equine use have longer needles, which greatly facilitate removal of lenticular material (Figure 58-14). The remainder of the required equipment is listed in Table 58-4.
 
 Relevant Pharmacology There are currently no systemic or topical medications that “dissolve” cataracts. Horses with focal opacities may have improved vision after pharmacologic mydriasis is achieved through application of 1% atropine ophthalmic solution or ointment. The only effective therapy for cataracts causing significant visual impairment is surgical removal. The day before surgery, topical NPDex ophthalmic solution is applied every 6 hours to the ocular surface. Flunixin meglumine (1.1 mg/kg PO or IV every 12 hours) is administered.
 
 Instrument
 
 Quantity
 
 Ocular adhesive drape Eyelid speculum Bishop-Harmon forceps (9 cm, 1 × 2 0.5-mm teeth) Derf needle holder Suture scissors (any type) 4-0 silk (stay suture) Mosquito hemostatic forceps 0.12-mm Colibri forceps (corneal forceps) No. 64 microsurgical blade and handle 3.2-mm slit knife Viscoelastic agent Utrata forceps or high frequency capsulotomy probe Phacoemulsification unit 0.3-mm Colibri forceps ±Lens introducing forceps ±Lens folding forceps Castroviejo needle holder Straight and curved tying forceps Methylcellulose spears 7-0 polyglactin 910
 
 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 2 Package of 10 1
 
 Gastric protectants such as omeprazole (2 mg/kg PO daily) are indicated, particularly for foals. Tetanus toxoid is administered if vaccinations are not current. The day of surgery, topical NPDex and flurbiprofen 0.03% ophthalmic solutions are applied three times each to the ocular surface. Atropine 1% or tropicamide 1% ophthalmic solution is administered to achieve maximal pupillary dilation. Flunixin meglumine is continued. Systemic antibiotics (potassium penicillin 20,000 IU/kg IV every 6 hours, and gentamicin 6.6 mg/ kg IV every 24 hours) are administered perioperatively.
 
 Surgical Techniques Phacoemulsification After induction of general anesthesia, the horse is placed in lateral recumbency. The head is positioned such that the corneal surface is parallel to the surgery table. The ocular surface is prepared routinely with dilute povidone-iodine  solution. The head is draped routinely and an eyelid speculum is placed. A lateral canthotomy is performed if needed to improve exposure. The anterior chamber is entered through a scleral tunnel or a two-step clear corneal incision. A highly cohesive viscoelastic material (hyaluronan; Acrivet Syn 2%, a 2% hyaluronic acid solution) is used to reform and maintain the anterior chamber. A continuous circular capsulorrhexis is performed. The phacoemulsification needle is introduced and nuclear material is removed via phacoemulsification (Figure 58-15). The remaining cortical material is removed using irrigation and aspiration. After complete removal of lenticular material, a posterior capsulorrhexis may be performed to prevent migration  of lens epithelial cells across the visual axis and thereby
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 Figure 58-15.  An intraoperative photograph demonstrating removal of nuclear material using phacoemulsification.
 
 Figure 58-16.  An equine intraocular lens with a 12-mm diameter optic and 21-mm overall diameter. This lens is appropriate for use in a foal.
 
 maintaining a clearer visual pathway. If elected, an intraocular lens can then be placed. The cornea is closed with a simpleinterrupted or simple-continuous suture pattern of 7-0 absorbable suture. Before the final suture is secured, the surgeon may choose to remove any remaining viscoelastic material (sodium hyaluronate) via irrigation and aspiration. Unless a corneal ulcer is present, topical antibiotics and corticosteroids are applied every 4 to 6 hours to control postoperative inflammation. Topical atropine is administered as needed to maintain mydriasis. Systemic NSAIDs and gastric protectants are continued. A face mask with a protective eyecup prevents rubbing and suture breakage. Installation of a subpalpebral lavage (SPL) facilitates administration of medications to the globe. However, corneal ulceration is a risk if the SPL should dislodge. Activity is restricted initially to hand-walking only. A recheck examination is performed 7 to 10 days postoperatively. If ocular inflammation is controlled, medications are gradually reduced over 2 to 4 weeks. Once the corneal incision heals, typically 3 to 4 weeks postoperatively, the patient may resume normal activities. Possible postoperative complications include poor anesthetic recovery, systemic infection, suture breakage, endophthalmitis, ocular hypertension, corneal ulceration, inflammation, and retinal detachment. Intraocular Lens Placement Equine intraocular lenses (IOLs) are now available (Acrivet, Inc., Jordan UT) (Figure 58-16). They prevent severe hypermetropia (farsightedness), which results when a globe is aphakic (lacks a lens).39,40 The predicted visual acuity of an aphakic horse would be 20/1200 on the Snellen chart.41-44 Humans with this degree of uncorrected hypermetropia would be considered legally blind.45 The lenses are made of foldable acrylic, which minimizes the incision size required for their placement. They are available at strengths of +14D and +18D and 21-, 22-, and 24-mm diameters. The +14D, 21-mm diameter lenses are typically implanted in foals. The lenses are inserted through the corneal incision into the capsular bag using lens forceps or an injecting cartridge. The corneal closure and postoperative management are the same as listed earlier.
 
 Intracapsular Lens Extraction If the lens luxates, an intracapsular lens extraction is required to remove the lens en bloc. This procedure should be reserved for potentially visual eyes. An intracapsular lens extraction requires a 180-degree corneal incision. Therefore, complications such as iris prolapse and marked uveitis are common, and the prognosis for vision is guarded. The postoperative therapy and additional complications are similar to those listed for cataract surgery. In an eye that has been blinded, an eye that has experienced multiple bouts of ERU, or an eye that has sustained marked trauma, enucleation or evisceration with intrascleral prosthesis is the preferred therapeutic option (see Chapter 55).
 
 GLAUCOMA Glaucoma is characterized by increased IOP resulting in damage to the optic nerve and retina.46 Glaucoma is relatively rare in horses with an incidence of 0.07%.28 However, as most equine practitioners lack the instrumentation to measure IOP and are unlikely to suspect the condition, glaucoma is easily missed or misdiagnosed.47
 
 Anatomy and Physiology Aqueous humor is formed by the ciliary processes.48 Aqueous primarily leaves the eye through the trabecular meshwork within the iridocorneal angle. Aqueous also diffuses through the iris, ciliary body, and vitreous: the uveoscleral outflow pathway. Horses have a greater percentage of uveoscleral outflow than most other species.49 Obstruction of aqueous outflow results in an increased IOP. The elevated IOP decreases optic nerve axoplasmic flow and eventually causes retinal ganglion cell death.50 Although congenital and primary cases do occur, equine glaucoma is most often secondary to ERU.51,52
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 Relevant Ocular Examination Techniques and Findings Horses with glaucoma may not present with overt signs of pain unless concurrent anterior uveitis is present. If the horse has secondary glaucoma with active anterior uveitis, the clinical findings may include chemosis, miosis, synechia, flare, and cataract formation.47 Elevations in IOP cause corneal edema, mydriasis, and a decreased menace response. The mydriasis may not occur if synechia prevents movement of the pupillary margin. Horses with chronic elevations in IOP develop buphthalmos, corneal striae, corneal vascularization, lens luxation or subluxation, optic nerve degeneration, and retinal degeneration. The corneal striae represent breaks or thinning of Descemet’s membrane.53 However, corneal striae are not pathognomonic for glaucoma and can be present in otherwise normal eyes.53 Horses with buphthalmos may retain some vision, unlike most other species. Nevertheless, vision is impaired and complete blindness often results.
 
 Diagnostic Procedures Measuring IOP is critical for diagnosing glaucoma. Use of an applanation (Tono-Pen) or rebound (TonoVet) tonometer is recommended. The normal IOP in unsedated horses is 17 to 28 mm Hg.54,55 Sedation with xylazine decreases IOP by 23% to 27%.56 An auriculopalpebral nerve block prevents false elevations in IOP that are due to pressure from the eyelids.56 Lowering the head below heart level significantly elevates IOP (8 mm Hg).57 Because many factors influence IOP measurement, a consistent protocol must be followed to allow meaningful interpretation of changes in IOP.
 
 Required Surgical Equipment Pharmacologic ablation of the ciliary body requires minimal surgical equipment (see Table 58-1). Cyclophototherapy requires a semiconductor diode or neodymium-doped yttrium aluminum garnet (Nd : YAG) laser (Table 58-5).
 
 Relevant Pharmacology If uveitis is present, medical therapy must address control  of inflammation (see “Relevant Pharmacology” earlier). Topical atropine may benefit patients with ERU because it decreases discomfort and stabilizes the BAB.47 However, the IOP must be closely monitored. In some patients the addition
 
 TABLE 58-5.  Surgical Instrumentation Recommended for Cyclophotocoagulation Instrument
 
 Quantity
 
 Ocular adhesive drape Eyelid speculum Bishop-Harmon forceps (9 cm, 1 × 2 0.5-mm teeth) Tuberculin syringe and 25-gauge needle Sterile cotton-tipped applicators Tono-Pen or TonoVet Diode laser with glaucoma probe
 
 1 1 1 1 Package of 10 1 1
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 of topical atropine reduces IOP,58 but in others, atropine may elevate it.58 Medical therapy to diminish IOP can be relatively successful early in the course of the disease.50 However, long-term control of IOP is difficult to maintain with medical therapy alone. A target IOP of less than 20 mm Hg is a reasonable goal for therapy.50 The most effective pharmacologic agents in horses reduce IOP by diminishing aqueous humor production. The topical β-adrenergic receptor blocker timolol maleate (0.5% ophthalmic solution; Timoptic) has been shown to diminish IOP by 17% in normal horses after administration of a single dose.59 In clinical patients timolol is typically administered two or three times daily. The topical carbonic anhydrase inhibitor dorzolamide (2% ophthalmic solution, Trusopt, and generic formulations) also diminishes IOP through reduction of aqueous humor production.60 However the reduction occurs through a different mechanism than that of β-adrenergic receptor blockers. Dorzolamide can be used alone or in combination with timolol. The typical frequency of application is two or three times daily. Prostaglandin analogues are used extensively for glaucoma therapy in humans and small animals. They diminish IOP by increasing uveoscleral outflow. However, they have demonstrated little benefit following application to equine globes.61,62 Adverse effects are frequently noted and include miosis, epiphora, blepharospasm, and blepharedema.62 Therefore, prostaglandin analogues are not currently recommended for therapy of equine glaucoma.
 
 Surgical Techniques Transscleral Cyclophotocoagulation Both Nd : YAG and semiconductor diode lasers have been used successfully in horses to reduce IOP.28,63-65 Laser energy is applied to the ciliary body through the sclera to destroy the ciliary body epithelium and stroma, thereby reducing aqueous production.50 A recent paper suggests that transscleral cyclophotocoagulation (TSCP) aids in control of IOP and maintenance of vision but does not diminish the need for topical glaucoma medications.64 Therefore, patients with the potential for vision are the best candidates. Individuals with chronically blind eyes are better candidates for enucleation or evisceration and placement of intraocular silicone prosthesis (see Chapter 55). When using the Nd : YAG laser, 55 to 60 applications are placed 5 to 6  mm from the limbus with a power of 10 to 11  W for a duration of 0.4 seconds per site.28,66 For the diode laser, settings are 1500  mW and 1500  msec per site.64 The number of sites varies from 30 to 80, placed 4 to 6  mm from the limbus.28,64 The nasal region should be avoided because of the proximity of the retina.67 Aqueous paracentesis is often performed immediately following TSCP because of rapid elevations in IOP.64 Hyphema, corneal ulceration, conjunctival hyperemia, increased corneal edema, and aqueous flare have all been reported following TSCP.50,64,66 Postoperatively, the glaucoma medications are continued. Topical anti-inflammatory therapy is used unless corneal ulceration occurs. In addition, systemic NSAIDs are administered to control the postoperative inflammation. The IOP should be evaluated 24 hours after surgery. The anti-inflammatory therapy is tapered over several weeks. The glaucoma medications often continue indefinitely. A decrease in IOP is typically not seen for 2 to 4 weeks after diode TSCP.64
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 Gonioimplants (Anterior Chamber Shunts) Gonioimplants are considered experimental in the horse, but they have been used successfully to improve aqueous drainage.28 The implants provide an alternative outflow pathway for aqueous drainage to the subconjunctival space. The implants typically have a short life span because of fibrosis of the filtration bleb.50 There are no commercially available equine gonioimplants. Pharmacologic Ablation of the Ciliary Body Pharmacologic ablation of the ciliary body is a salvage procedure and should only be performed in eyes that are permanently blind. Owners should be warned that the procedure can induce phthisis bulbi.50 The procedure is typically performed under a brief episode of general anesthesia or heavy sedation with regional and topical anesthesia. The injection consists of 25 to 40 mg of intravenous gentamicin to ablate the ciliary body and 1 mg of dexamethasone to control inflammation. The injection is performed with a 22-gauge needle attached to a 3-mL syringe. The needle enters the globe 7 to 8 mm posterior to the dorsotemporal limbus at a 45-degree angle toward the optic nerve.50 The needle must be directed away from the lens. Rupturing the lens capsule with the needle is a catastrophic complication that incites marked inflammation (phacoclastic uveitis). Vitreous can be aspirated before injection or aqueous paracentesis can be performed after injection to reduce the elevation in IOP produced by the increase in volume of globe contents.
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 ANATOMY AND PHYSIOLOGY Scrotum The scrotum of the horse is a prepubic diverticulum of skin that contains the testes, their associated ducts, and the distal portion of the spermatic cords.1 It is divided on the midline by the scrotal raphe, which is continuous with the raphe of the prepuce, penis, and perineum.1,2 The skin of the scrotum is thin, is sparsely covered with fine hair, and contains an unusually high number of sweat glands. Intimately adherent to the scrotal skin is a layer of connective tissue and involuntary muscle, the tunica dartos.1,3,4 This muscle relaxes with heat and contracts with cold to regulate testicular temperature, thus varying the size of the scrotum.1 At the median plane, the tunica dartos sends a sagittal septum into the scrotal sac, dividing the scrotum into right and left pouches, each of which contains a testis.1,3 The vascular supply to the scrotum originates from the external pudendal vessels.1,3,4 The nervous supply descends into the scrotum on the outer surface of the tunica vaginalis via the genitofemoral nerve.1,3 Lymphatic vessels from the scrotum drain to the superficial inguinal lymph nodes.4
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 Epididymis and Testis The testes produce spermatozoa and hormones.5 The hormones govern spermatogenesis, sexual differentiation, secondary sexual characteristics, and libido.6 The testes are oval and, depending on the age and breed of the horse, weigh between 150 and 300 g each.1,2 The left testis is usually larger, suspended more ventrad, and situated further caudad than the right testis.1 The long axis of the testis is nearly horizontal but raised slightly craniad.1-4 The epididymis attaches to the dorsolateral border of the testis (i.e., the attached or epididymal border) and overlaps the lateral surface slightly (Figure 59-1), forming a testicular bursa between the testis and epididymis. Opposite the attached border is the free border, and opposite the lateral surface is the medial surface. The epididymis is an elaborately coiled tube consisting of three parts: the head (caput), body (corpus), and tail (cauda).1 The head lies at the cranial pole of the testis, and the body is positioned on the lateral surface of the testis. The tail projects beyond the caudal border of the testis, wraps around to the medial side, and continues proximally as the ductus deferens.1,3,4,7 The epididymis receives immature sperm, which enter it through the efferent ducts of the testis. At ejaculation, 804
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 Figure 59-1.  Right testis and epididymis of a stallion, lateral aspect. a, Testis; b, head of epididymis; c, body of epididymis; d, tail of epididymis; e, proper ligamentum testis; f, ligament of the tail of the epididymis; g, spermatic cord; h, cremaster muscle; i, external inguinal ring; j, vaginal ring; k, visceral tunic; l, vaginal cavity; m, parietal tunic.
 
 peristaltic contractions of the epididymis force sperm into the ductus deferens. The testis is covered by the tunica albuginea, a tough, inelastic capsule of dense fibrous tissue.1,4 Trabeculae and septa of connective tissue from the tunica albuginea penetrate the testis to subdivide the parenchyma into lobules. Each lobule consists of
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 convoluted seminiferous tubules lined by spermatogonia, from which spermatozoa arise, and Sertoli cells (also called sustentacular cells), which supply mechanical and nutritive support for the developing spermatozoa.1,5 The primary spermatogonia are attached to the basement membrane of the tubule, and the more mature spermatozoa are pushed toward the lumen. Follicle-stimulating hormone (FSH) produced by the hypophysis stimulates spermatogenesis. The seminiferous tubules make up over 70% of the parenchyma of the testis.8 Located between the seminiferous tubules are interstitial cells, known as the cells of Leydig, which produce androgens in response to interstitial cell–stimulating hormone (which is similar or identical to luteinizing hormone), produced by the hypophysis.5 The testis of the stallion produces an unusually high concentration of estrogen in comparison to other domestic species, and the source of this estrogen is the Leydig cells.9 The seminiferous tubules converge to form the tubules of the rete testis, which pierce the tunica albuginea at the dorsocranial border of the testis to become the efferent ductules.3 The dozen or more efferent ductules unite in the head of the epididymis to form a single coiled tube, over 70 m long, that continues to become the body and tail of the epididymis and ascends with the testicular vessels as the ductus deferens.1,2 Spermatozoa mature in the epididymal duct, and the duct’s tortuous course allows the storage of a large number of spermatozoa.5
 
 Inguinal Canal The inguinal canal is an oblique passage in the abdominal wall through which traverse the spermatic cord, genitofemoral nerve, external pudendal vasculature, and the efferent lymphatic vessels from the superficial inguinal lymph nodes.10 The internal opening of the inguinal canal, the deep inguinal ring, is a dilatable slit, about 16 cm long in the average-sized horse, bordered cranially by the caudal edge of the internal abdominal oblique muscle, ventromedially by the rectus abdominis muscle and prepubic tendon, and caudally by the inguinal ligament.1,3 The
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 external opening of the inguinal canal, the superficial inguinal ring, is a 10- to 12-cm-long slit in the external abdominal oblique muscle.1,10 The medial border of the superficial inguinal ring lies directly below the medial border of the deep inguinal ring, making the medial wall of the inguinal canal very short.3 The superficial inguinal ring is directed craniolaterally, and the deep inguinal ring is directed dorsolaterally, making the lateral angles of the rings widely divergent. The length of the canal in a mediumsized horse is about 15 cm when measured along the spermatic cord.7 The wall of the inguinal canal is lined by peritoneum, which forms the tunica vaginalis.10
 
 Tunics The tunica vaginalis, derived from the abdominal peritoneum, continues through the inguinal canal to line the interior of the scrotum and envelops the testis and its associated ducts and spermatic cord1,11 (Figure 59-2). The tunica vaginalis consists of a visceral tunic (tunica vaginalis propria) and a parietal tunic (tunica vaginalis communis). The visceral tunic adheres firmly to the tunica albuginea and covers the testis and associated ducts, except at the dorsal border of the testis, where vessels and the epididymis enter or leave the testis.1,3,4,11 The parietal tunic is continuous with the parietal peritoneum of the abdomen at the deep inguinal ring and forms a sac that lines the scrotal cavity.1,4,11 This sac is referred to as the vaginal process or vaginal sac, and its opening at the deep inguinal ring is the vaginal ring. The vaginal ring is found, during examination per rectum in the average-sized horse, 10 to 12 cm abaxial to the linea alba and 6 to 8 cm cranial to the iliopectineal eminence.1 The diverticulum of the peritoneal cavity between the parietal and visceral tunics is the vaginal cavity.1,11 This cavity communicates with the peritoneal cavity and normally contains only a small quantity of serous fluid, which serves as a lubricant to facilitate movement of the testis. The right and left vaginal cavities do not communicate.
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 Figure 59-2.  Graphic representation of the reproductive tract of the stallion, left-sided view. a, Testicular artery and vein; b, spermatic cords with their inguinal canal; c, external lamina of the prepuce; d, testis within scrotum; e, external inguinal ring; f, internal inguinal (vaginal) ring. d c
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 Figure 59-3.  Descent of the testis. G, Gubernaculum; K, kidney; T, testis; U, ureter; V, vaginal ring.
 
 Gubernaculum The gubernaculum testis is a fetal, retroperitoneal, mesenchymal cord that extends between the caudal pole of the fetal testis and the scrotum and guides the fetal testis in its descent from the ventral surface of the kidney to its final position in the scrotum10 (Figure 59-3). The gubernaculum testis can be divided into three parts: the cranial part, which lies between the testis and the epididymis; the middle part, which lies between the epididymis and the point at which the gubernaculum penetrates the abdominal wall at the inguinal rings; and the caudal or scrotal part, which extends from the abdominal wall at the site of the future inguinal canal to the scrotum. The cranial part becomes the proper ligament of the testis and connects the tail of the epididymis to the testis.3,4,10 The middle part becomes the ligament of the tail of the epididymis (also known as the caudal ligament of the epididymis) and connects the tail of the epididymis to the parietal tunic. The caudal part becomes the scrotal ligament and connects the parietal tunic to the bottom the scrotum. The scrotal ligament of an abdominally retained testis is sometimes referred to as the inguinal extension of the gubernaculum testis.12 These ligaments may be abnormally long if the testis fails to descend.13 Improper function of the gubernaculum may result in abdominal or inguinal retention of a testis.14,15 Descent of the Testis The gonads arise retroperitoneally from the gonadal ridges caudal to the kidney and differentiate into testes or ovaries at 40 days of gestation.16,17 By gestational day 55, the testis is suspended cranially by the cephalic (suspensory) ligament and dorsally by the mesorchium. The interstitial cells begin multiplying at 6 weeks of gestation, causing the testis to hypertrophy until, at 5 months of gestation, the testis is nearly as large as that of a mature stallion and contacts both the kidney and the deep inguinal ring. This phase of testicular hypertrophy corresponds with a period of high serum concentration of estrogen in the mare.18
 
 The gubernaculum extends from the caudal end of the testis to the inguinal canal and ends in a knoblike expansion between the differentiating internal and external oblique abdominal muscles.15,16 On gestational day 45, the peritoneum invades the subperitoneal tissue around this extra-abdominal expansion of the gubernaculum to form the vaginal process. At about 5 months of gestation, the cephalic ligament atrophies, and the epididymis descends into the vaginal process while the testis remains in the abdomen.16,17 At 8 1 2 months of gestation, the gubernaculum begins to shorten. Simultaneously, the testis regresses in size, mainly because of loss of interstitial cells, until during the last month of gestation when it becomes one tenth its former size.16 The epididymis and subperitoneal gubernaculum expand in diameter, thus dilating the vaginal ring and inguinal canal. This, along with an increase in intra-abdominal pressure, allows the testis to pass into the inguinal canal at between 270 and 300 days of gestation.7,15-17 The mass of extra-abdominal gubernaculum prevents the testis from moving directly into the scrotum so that, at birth, most testes lie in the inguinal canal. This extraabdominal portion of gubernaculum can be quite large at birth and easily mistaken for a testis. The vaginal rings contract to approximately 1 cm in diameter during the first few weeks of neonatal life and become so fibrous that the testis cannot be forced through from either direction.16
 
 Spermatic Cord The spermatic cord consists of structures carried ventrad by the testis in its migration through the inguinal canal from the abdomen to the scrotum.1,10 The spermatic cord begins at the deep inguinal ring, where its constituent parts converge. It extends obliquely and ventrad through the inguinal canal, passes beside the penis, and terminates at the dorsal border of the testis.1 The structures that make up the cord are the tunica vaginalis; the blood vessels, nerves, and lymphatics of the testis; and the ductus deferens.1,10,11 Technically, the cremaster muscle is not included as a component of the cord because it lies external to the parietal tunic.4,14 The neurovascular components of the cord are enclosed in the mesorchium, a fold of serous membrane formed by invagination of the parietal tunic along its caudal wall (Figure 59-4). The mesorchium extends from the origin of the testicular vessels to the testis. The mesoductus deferens is a caudomedially located fold of the parietal tunic containing the ductus deferens and the deferential vessels.1,3,4 The mesoductus deferens is continuous with the mesorchium. The mesofuniculum is the thin part of the mesorchium between the mesoductus deferens and the parietal tunic. The ductus deferens is a direct continuation of the epididymal duct.1 It stores spermatozoa, and during ejaculation, it propels spermatozoa from the epididymis to the pelvic urethra.5 The ductus deferens is somewhat convoluted near the epididymis but straightens as it continues dorsad.1,2 At the vaginal ring, it separates from other constituents of the spermatic cord and turns caudomedially into the pelvic cavity, where it lies in the genital fold, a horizontal sheet of peritoneum lying between the bladder and the rectum. Dorsal to the bladder, the ductus deferens increases in diameter and forms the ampulla, which in the stallion, is 15 to 20 cm long and about 1 to 2 cm in diameter. The ampulla is not nearly as pronounced in geldings. Beyond the ampulla, the ductus deferens narrows and opens with the ducts of the seminal vesicles at the ejaculatory orifices
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 Figure 59-4.  Transverse section of the spermatic cord. 1, Testicular artery; 2, ductus deferens; 3, pampiniform plexus; 4, testicular nerves and lymphatic vessels; 5, mesorchium; 6, mesoductus; 7, cremaster muscle; 8, vaginal cavity; 9, spermatic fascia; 10, visceral layer of vaginal tunic; 11, parietal layer of vaginal tunic.
 
 on the colliculus seminalis, a protuberance on the dorsal wall of the urethra, located about 5 cm caudal to the internal urethral orifice. The ductus deferens is supplied by the deferential artery, a branch of the umbilical artery.4 The testicular artery, a branch of the abdominal aorta, descends in the cranial part of the cord.1 As the artery descends in the inguinal canal, it becomes greatly convoluted. At the cranial pole of the testis, it gives off the epididymal artery, then continues caudad with the epididymis, turns ventrad around the caudal pole of the testis, and travels craniad on the free border, sending off branches to the medial and lateral surfaces.1,19 The testicular artery and its branch, the epididymal artery, constitute most of the vascular supply to the testis.20 The cremasteric artery and the deferential artery also contribute to the blood supply to the testis. These three arteries are connected by numerous anastomosing vessels. Testicular veins ascend from the dorsal border of the testis. Small veins coalesce into larger veins about 10 cm proximal to the testis.21 These larger veins contain valves that prevent retrograde flow of blood. The veins divide and convolute to form the pampiniform plexus, which lies around the coiled testicular artery and forms the bulk of the spermatic cord.1,3,4,7 The veins unite within the abdomen to become the testicular vein. The right testicular vein usually joins the caudal vena cava, and the left testicular vein usually joins the left renal vein.1 The lymphatic vessels of the testis and epididymis ascend directly to the medial iliac and lumbar lymph nodes.1,3,4 A plexus of autonomic and visceral sensory nerves accompany the blood vessels to supply the testis and epididymis. The cremaster muscle, a slip of the internal abdominal oblique muscle, lies on the caudolateral surface of the parietal tunic and attaches to this tunic at the caudal pole of the testis.1,10 Its blood supply derives from the cremasteric artery.3,4 Contraction of the cremaster muscle retracts the testis.1
 
 Horses possessing one descended testis and one that has failed to descend are sometimes described incorrectly as being monorchids.21 The term monorchidism should be reserved to describe the rare situation of complete absence of one testis. Horses in possession of only one testis usually reach this state from failure of a surgeon to remove both testes at the time of castration, but the condition can also occur from unilateral testicular agenesis or when a vascular insult, presumably caused by torsion of the spermatic cord, causes an abdominally located testis to degenerate.22-27 Monorchidism of an apparently congenital nature is usually caused by testicular degeneration rather than by atresia,25 and the vascular insult responsible for the degeneration may occur in the undescended testis before birth or in an abdominal testis after birth.25,27,28 Torsion of the spermatic cord of the abdominal testis may cause the horse to show moderate to severe signs of abdominal pain,29 but some similarly affected horses do not demonstrate any signs of pain.28 Congenital absence of testicular tissue or absence of testicular tissue caused by testicular degeneration is discovered when, during inguinal or abdominal exploration to locate a cryptorchid testis, the tail of the epididymis is found attached to both the ligament of the tail of the epididymis and the ductus deferens, but the testis is absent.25,27 More rarely, the epididymis or even the ductus deferens may also be missing. Monorchidism can be confirmed with a human chorionic gonadotropin (hCG)stimulation test after the contralateral testis is removed and the horse has recovered from surgery, but determining whether monorchidism was caused by degeneration, atresia, or surgical excision of a testis may be difficult.25 The presence of a vaginal process suggests that monorchidism was acquired, and identifying remnants of the cremaster muscle, ductus deferens, and testicular vessels within the inguinal canal suggests that the testis was excised.
 
 Cryptorchidism Cryptorchidism is an anomaly of testicular position and is the most prevalent, nonlethal developmental defect of the horse.16,30,31 Abnormal testicular location occurs when one testis or both testes fail to descend completely from the fetal position in the sublumbar area through the inguinal canal into the scrotum.16 The term cryptorchid refers to the nondescended testis (by extension, a horse with this condition is also termed a cryptorchid), and removal of an undescended testis is sometimes referred to as cryptorchidectomy. Colloquial terms for the cryptorchid include rig, ridgling, or original.32-34 If a testis and its epididymis are both abdominally retained, the horse is called a complete abdominal cryptorchid. If the epididymis, but not the testis, has descended through the vaginal ring, the horse is called a partial or incomplete abdominal cryptorchid.33-35 An inguinal cryptorchid or “high flanker” is a horse with a testis retained within the inguinal canal.32-35 In boys testes that usually reside in the inguinal region, because of retraction of the cremaster muscle, but that can be manipulated into the scrotum are termed retractile.36 The retractile testis resides in the inguinal region until puberty, when testicular growth causes the testis to reside permanently within the scrotum. The retractile testis of boys is considered to be a
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 normal variant36 and is distinguished from a truly inguinal retained testis. Although retractile testes of horses have not been described, at least some inguinally located testes of young horses that can be retracted into the scrotum may warrant being distinguished from truly retained testes and classified as retractile. Cryptorchidism of stallions is of considerable economic significance, because the seminiferous tubules of the cryptorchid testis are rudimentarily developed and incapable of producing sperm.16 Unilateral cryptorchids are usually fertile but have reduced production of sperm,37 and horses affected with bilateral testicular retention are sterile.16 The androgen-producing cells of Leydig of a cryptorchid testis are functional and produce testosterone, although at reduced concentrations, so that the cryptorchid horse exhibits sexual behavior. Exposure of the testis to the high temperature of the abdomen or inguinal canal appears to be responsible for hypoplasia of the seminiferous tubules and results in a small, soft testis. Location of the testis at sites other than the scrotum complicates removal of the testis. Because malfunction of descent may be inherited, cryptorchid horses are generally considered genetically unsound.30 For this reason, registration of cryptorchid stallions is disallowed by some breed associations. Undescended testes of humans may be at risk of developing neoplasia,38 and the same may be true of undescended testes of horses, although a direct link between equine testicular neoplasia and cryptorchidism has not been proved, perhaps because of the few reports of testicular neoplasia in stallions. Testicular neoplasia of humans may be the result of progressive degeneration of germ cells caused by the abnormal temperature to which the cryptorchid testis is subjected.39 Factors other than position of the testis may be responsible for the increased incidence of malignancy, raising the question of whether the testis develops neoplasia because it is undescended or whether some abnormality of the testis (resulting in neoplasia) is responsible for failure of the testis to descend. An epidemiologic survey investigating the prevalence of equine cryptorchidism found that approximately one of six (i.e., about 17%), 2- to 3-year-old colts presented to a veterinary medical teaching hospital was cryptorchid.30 Of these cryptorchid testicles, only 14 had tumorous derangement, representing 0.3% of the total cryptorchid testes evaluated.30 Groups most commonly represented were Percherons, American Saddlebreds, American Quarter Horses, ponies, and crossbred horses. Thoroughbreds had the lowest prevalence of cryptorchidism. Etiology Improper function of the gubernaculum has been postulated to cause failure of testicular descent.15,16 Failure of the subperitoneal portion of the gubernaculum to enlarge may result in failure of the vaginal ring to expand sufficiently to allow the testis to pass. Excessive enlargement of the subperitoneal portion of the gubernaculum, followed by its failure to regress adequately, may also inhibit passage of the testis into the inguinal canal.14 Events that lead to cryptorchidism in horses have not been determined, but a deficiency in production of gonadotropin by the pituitary gland or the placenta has been shown to result in cryptorchidism in boys, by leading to insufficient production of androgens by the descending testes.40 These androgens are responsible for development of the vaginal process, testicular
 
 vessels, and vas deferens and for changes in the gubernaculum, all of which are necessary for the descent of the testes into the scrotum. Rather than acting directly on the gubernaculum, androgens likely act primarily on the cell body of the genitofemoral nerve in the spinal cord.41 The genitofemoral nerve, which innervates the gubernaculum, causes the gubernaculum to differentiate, creating a potential space into which the testis descends under the influence of abdominal pressure.38 Androgens thus act on the gubernaculum indirectly and probably must do so at a specific time during gestation. The testis may also fail to descend if it does not regress to a sufficiently small size to traverse the vaginal ring.16,18 A testicular cyst or teratoma or persistence of the suspensory ligament of the testis during gestation may account for failure of testicular descent.34,42 The complexity of the process of testicular descent suggests that the cause of failure of descent is multifactorial. Although genetic studies of cryptorchid horses indicate that in many instances the condition is hereditary, no definitive studies have supported a plausible genetic mechanism. The effects of maternal environment and mechanical factors (e.g., dystocia) in the etiology of cryptorchidism have not been examined.30 The conflicting observations of numerous studies of genetic transmission of equine cryptorchidism suggest that the mechanism of inheritance is complex and most likely involves several genes.43 One of the most frequently cited investigations is a thesis published in 1943 on the genetic nature of cryptorchidism of several species of domestic animals. The Technical Development Committee of Great Britain (1954), citing this thesis, concluded that equine cryptorchidism is transmitted by a dominant factor.44 Other researchers, citing the same thesis, reported that the investigation had determined that equine cryptorchidism is caused by a simple autosomal recessive gene.45 A German study of 21 cryptorchid stallions postulated that at least two genetic factors are involved, one of which is located on the sex chromosomes.45 Another German study, however, concluded that equine cryptorchidism is transmitted as an autosomal dominant gene.45 Researchers at Texas A&M University found that 56 of 58 colts sired by a cryptorchid American Quarter Horse stallion had both scrotal testes.46 The other two colts were unavailable for assessment of testicular location. This stallion was unlikely to have carried a dominant autosomal gene for cryptorchidism, unless the gene had low penetrance. If equine cryptorchidism is caused by an autosomal recessive gene, the frequency of the recessive gene in the dams of these 56 colts would have to have been nearly zero. Cryptorchidism is often a feature of intersexuality.47,48 For example, the testes of the male pseudohermaphrodite are often located within the inguinal canals or the abdomen.6,47,49 Cryptorchidism may also be a manifestation of an abnormal karyotype.47,48 Horses that are cryptorchid because of an aberration of genetic sex, however, are usually easily identified by their intersexual phenotypes.6,47 The prevalence of horses that are cryptorchid because of intersexuality appears to be quite low; in a study of 5018 cryptorchid horses, only 9 were intersexes.30 Incidence Retrospective studies of large numbers of cryptorchid horses indicate that failure of right and left testicular descent occurs with nearly equal frequency.50-52 Right-sided testicular retention
 
 predominates in young cryptorchid ponies, but the incidence of right-to-left retention decreases as the ponies age.51 The decrease in incidence of right testicular retention is probably the result of descent of the right testis from an inguinal location. A study of 350 cryptorchid horses and another of 205 cryptorchid horses found abdominal testicular retention to be more common than inguinal testicular retention.50,52 Another study of 500 cryptorchid horses, however, found inguinal cryptorchidism to be more common than abdominal cryptorchidism.51 The study of 350 cryptorchid horses found that 75% of left undescended testes were located within the abdomen, whereas only 42% of right undescended testes were retained abdominally.52 The reason for this difference may be that the right testis is smaller than the left during the stage of testicular regression.17 Consequently, if the gubernaculum fails to expand sufficiently to dilate the vaginal ring, or if the testes incompletely regress in size, the larger left testis is more likely to be incapable of traversing the vaginal ring. Because this difference in testicular size remains after birth, the smaller right testis is more apt to be inguinally retained. Increase in testicular size with the onset of puberty may cause an inguinally retained testis to descend into the scrotum.50,51 In one study, 14% of cryptorchid horses were bilaterally affected, and most of these (60%) had abdominal testicular retention.52 Another study found a 9% incidence of bilateral testicular retention among cryptorchid horses, but in that study, most bilaterally retained testes (67%) were inguinally located.50 The incidence of cryptorchid horses with one inguinally located testis and one abdominally located testis was quite low in both studies (i.e., when both testes of a horse had failed to descend into the scrotum, the testes were usually either both inguinal or both abdominal).
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 Figure 59-5.  Inguinal hernia. Intestine protrudes through the vaginal ring into the inguinal canal or scrotum. The intestine lies within the vaginal cavity.
 
 Inguinal Herniation and Rupture Inguinal herniation occurs when intestine, usually a portion of the ileum or a loop of the distal portion of jejunum, protrudes through the vaginal ring into the inguinal canal. If the contents extend into the scrotum, the condition is sometimes referred to as scrotal herniation (Figure 59-5), but the terms are used interchangeably.53,54 Inguinal hernias are sometimes called indirect hernias, a term borrowed from descriptions of the comparable condition in humans (for more information on hernias please review Chapter 39).53 A ruptured inguinal hernia occurs when intestine protrudes through the vaginal ring and then passes through a rent in the parietal tunic and scrotal fascia so that it lies subcutaneously in the inguinal or scrotal region55 (Figure 59-6). The term inguinal rupture describes a similar condition that occurs when intestine protrudes through a rent in the peritoneum and transverse fascia adjacent to the vaginal ring, causing intestine to reside subcutaneously beside the vaginal process53 (Figure 59-7). Inguinal ruptures have been referred to as direct hernias,56 but this term is derived from descriptions of hernias in humans and inaccurately describes the condition in horses.53 In humans, the transverse fascia adjacent to the vaginal ring becomes weakened and protrudes, forming a peritoneum-lined sac. In horses, the integrity of the tissue adjacent to the vaginal ring is disturbed, and the intestine passing through the rent is not surrounded by peritoneum. The purported direct hernias of horses are actually ruptures, not hernias.53,57
 
 Figure 59-6.  Ruptured inguinal hernia. Intestine protrudes through the vaginal ring and passes through a rent in the parietal tunic and scrotal fascia so that it lies subcutaneously in the inguinal or scrotal region.
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 Figure 59-8.  Torsion of the spermatic cord has caused necrosis of the testis and the portion of the cord distal to the torsion.
 
 Figure 59-7.  Inguinal rupture. Intestine protrudes through a rent in the peritoneum and transverse fascia outside the vaginal sac but adjacent to the vaginal ring.
 
 Etiology Inguinal herniation and rupture occur almost exclusively in stallions,54,55,58 but inguinal herniation has been reported to have occurred in a few geldings54,59,60 and in a mare.61 Geldings rarely develop an inguinal hernia, because the vaginal rings decrease in size soon after castration. Inguinal hernias in foals are congenital, and most are hereditary in origin.6 The left inguinal canal is most often involved.62 Congenital inguinal herniation may be caused by excessive outgrowth of the extra-abdominal part of the gubernaculum, which results in a vaginal process with an unusually wide neck.7,15 Congenital inguinal hernias may occur unilaterally or bilaterally, are usually reducible, cause no strangulation, and spontaneously resolve by the time the foal is 3 to 6 months old.53,60 Longstanding congenital inguinal hernias, however, may lead to testicular atrophy.60 Inguinal hernias occurring in adult horses are usually acquired and can occur during exercise or copulation, either of which may contribute to herniation by altering the anatomy of the inguinal canal and increasing abdominal pressure.54 The incidence of acquired inguinal herniation in Standardbreds, draft breeds, and Andalusian horses is reported to be higher than that of the general equine population.63-65 Other breeds with anecdotal evidence of increased incidence of inguinal herniation are Tennessee Walking Horses and American Saddlebreds. An acquired inguinal hernia of an adult horse commonly results in strangulation of intestine and represents a surgical emergency.54 Small intestine (jejunum and ileum) is the most commonly herniated viscus, but inguinal herniation of small colon, large colon, omentum, and the urinary bladder have
 
 been reported.66-68 Clinical signs are usually referable to obstruction of the small intestine and include recovery of nasogastric reflux after nasogastric intubation and rectally palpable distended small intestine.54,58 Strangulation of herniated intestine is caused by constriction of the intestine by the vaginal ring.58 An acquired inguinal hernia usually causes obstruction of the vasculature of the spermatic cord, which leads to edema of the external genitalia and testicular degeneration or necrosis. Ruptured inguinal herniation appears to occur much more commonly in foals than in adults, and those that occur in foals may be caused by abdominal compression during parturition.55,69 Inguinal ruptures are probably traumatic in origin, but the traumatic event is not always obvious. With an inguinal rupture or a ruptured inguinal hernia, the intestine that protrudes through the rent may become strangulated or may adhere to subcutaneous tissue, and the separation of the skin from its blood supply may reduce the viability of the skin.
 
 Torsion of the Spermatic Cord Torsion of the spermatic cord occurs when the attached testis rotates on its vertical axis.70 The condition is sometimes improperly referred to as testicular torsion. Torsion of the spermatic cord causes the testicular vessels to twist, producing venous and often arterial obstruction, which leads to testicular congestion and edema in mild cases and complete testicular infarction in severe cases.28,70,71 (Figure 59-8). Clinically significant torsion of the spermatic cord in the horse occurs rarely, and few reports of the condition can be found.28,72-75 This condition is reported to occur most commonly in trotting Standardbreds.6 Torsion of the spermatic cord of 360 degrees or more is accompanied by signs of acute pain, which may resemble signs of colic, and enlargement of the affected testis and cord.74 The condition represents a surgical emergency that usually requires removal of the affected testis, because the testis is rarely salvageable. Torsion of the spermatic cord of an abdominally located testis may cause the affected horse to show mild signs of colic pain,29 but acute torsion of the spermatic cord has been recognized during cryptorchidectomy of several apparently normal horses that apparently displayed no signs of colic.28 The incidence of torsion of the spermatic cord of undescended testes of humans is probably higher than the incidence of torsion of the descended testes,76 and the same may be true of horses. Because torsion of the spermatic cord of an abdominal testis often goes
 
 unrecognized in horses, the condition may account for some reports of horses with congenital monorchidism. Evidently, torsion of the spermatic cord of a scrotal testis of the horse less than 180 degrees causes no clinical abnormalities and is considered an incidental finding.74 Evaluation of testicular blood flow of stallions using color Doppler ultrasonography, however, shows that 180-degree torsion of a spermatic cord may cause retrograde blood flow and suggests that torsion of this degree may have a detrimental effect on testicular function, even in the absence of clinical signs of substantial vascular compromise.77 Torsion of the spermatic cord of 180 degrees is relatively easy to diagnose because it causes the tail of the epididymis to reside in the cranial portion of the scrotum, rather than in its normal caudolateral position. Acute torsion of the spermatic cord may be difficult to determine when the spermatic cord is twisted 360 or 720 degrees, because the tail of the epididymis resides in its normal caudolateral position in the scrotum. Torsion of the spermatic cord of 360 degrees or more may be accompanied by so much scrotal, testicular, and epididymal swelling that the epididymis cannot be palpated. Torsion of the spermatic cord of the descended testis of horses apparently occurs intravaginally (i.e., within the vaginal process).74,75 Horses may be predisposed to testicular torsion because the testis resides horizontally, rather than vertically, in the scrotum.75 Torsion may occur because the ligament of the tail of the epididymis (caudal ligament of the epididymis) or the proper ligament of the testis is abnormally long. The ligaments of the contralateral testis may also be abnormally long, making that spermatic cord also prone to torsion.75 To prevent torsion of the contralateral spermatic cord, the contralateral testis can be fixed permanently in position (orchidopexy or orchiopexy) by placing a nonabsorbable suture through the tunica albuginea and the dartos tissue at the cranial and caudal poles of the testis. The spermatic cord of an abdominal testis may be more apt to develop torsion than is the spermatic cord of a descended testis, because the proper ligament of the testis and sometimes the ligament of the tail of the epididymis of an abdominal testis are abnormally long.23,28,37 None of 350 cryptorchid horses in one study, however, developed torsion of the spermatic cord.52
 
 Hydrocele (Vaginocele) and Hematocele A hydrocele, or vaginocele, is an abnormal collection of serous fluid between the visceral and parietal layers of the tunica vaginalis.78,79 Hydroceles form when fluid normally secreted by the vaginal tunic is produced at a rate greater than that at which it can be absorbed by the lymphatic vessels and veins of the spermatic cord.80 The cause of the discrepancy between the rate of production and the rate of resorption of the fluid is usually idiopathic.78 Hydroceles may accompany testicular neoplasia or orchitis, and because the vaginal and peritoneal cavities communicate, some hydroceles could be caused when fluid present in excess in the abdominal cavity enters the vaginal cavity.81 Migration of parasites through the vaginal cavity, 180-degree torsion of the spermatic cord, trauma, and a hot climate in conjunction with lack of exercise have been implicated as causes of hydroceles.78,82 Hydroceles may develop acutely or insidiously. A hydrocele is generally considered to cause temperatureinduced dysfunction of spermatogenesis by insulating the testis and epididymis, but one investigation found they caused no
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 important effect on semen quality.78 A hydrocele is occasionally a complication of castration, but only when the parietal tunic is retained (i.e., after an open castration). Palpation of a hydrocele usually causes no apparent discomfort to the horse, and the involved testis is freely moveable and feels as though it resides within a compressible, fluid-filled bag.81 Anechoic to semi-echoic fluid surrounding the involved testis and epididymis is seen during ultrasonographic examination of the scrotum, and a yellowish, clear fluid is obtained during aspiration of the vaginal cavity. The involved testis of a chronically affected horse may be abnormally small. The size of a hydrocele may decrease temporarily with exercise, and some hydroceles spontaneously resolve when the affected horse is moved to a cooler environment.78,81 Fluid usually reaccumulates quickly after aspiration. Treatment of a horse for hydrocele should be aimed at removing the inciting cause. However, the cause can rarely be identified, so the usual treatment of horses affected with persistent unilateral hydrocele is removal of the affected testis and parietal tunic. The testis and tunic should be removed before spermatogenesis of the contralateral testis becomes affected by increased scrotal temperature. Prognosis for fertility is guarded if bilateral hydroceles persist, but some stallions affected with hydrocele retain normal spermatogenesis.78 Sclerotherapy, using a 2.5%, 5%, or 10% solution of tetracycline or using polidocanol injected into the vaginal cavity, has been used successfully to treat men affected with a hydrocele,83,84 but this treatment may also decrease fertility.85 Sclerotherapy has not been evaluated as a treatment for stallions with a hydrocele. A hematocele may resemble a hydrocele, but it is characterized by a collection of blood within the vaginal cavity.86,87 Hematoceles are usually caused by testicular or scrotal trauma, but they may occur as an extension of hemoperitoneum.37 Ultrasonographic examination of the scrotum and its contents and aseptic aspiration of the vaginal cavity may help differentiate other causes of scrotal enlargement, such as hydrocele, from hematocele. A horse with a hematocele may be treated successfully by aspiration of blood from the vaginal cavity followed by lavage of the cavity with a balanced electrolyte solution, provided that the tunica albuginea is not ruptured.86 This treatment may minimize the insulating effect of blood and reduce the formation of adhesions between the visceral and parietal layers of the tunica vaginalis. Ultrasonographic examination of the ipsilateral testis may help determine whether the tunica albuginea has been ruptured. If the integrity of the tunic remains uncertain, the testis should be examined surgically, which allows blood to be evacuated from the vaginal cavity. If torn, the tunica albuginea should be sutured, or the testis should be removed. A horse that has developed a hematocele may have also developed a breach in the blood–testis barrier, which may trigger an immune response to the horse’s spermatozoa and, in turn, result in infertility.88
 
 Varicocele A varicocele is an abnormally distended and tortuous pampiniform plexus.79,89 Valvular incompetence of the testicular vein, where it empties into the vena cava or renal vein, may increase hydrostatic pressure in the pampiniform plexus by causing reflux of caval or renal blood into the testicular vein.89 Varicoceles in
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 men are associated with a low total sperm count, but motility and morphology of spermatozoa may remain normal. Varicoceles may disturb countercurrent exchange of heat from the arterial to the venous blood, causing temperature-induced dysfunction of spermatogenesis,79,89 or they may affect spermatogenesis by impairing drainage of blood from the testis, which results in increased scrotal temperature, testicular hypoxia, and elevated testicular pressure.90 Although varicoceles are known to cause infertility in men and rams, their effect on fertility of horses has not been evaluated, perhaps because varicoceles of stallions are so rarely encountered. Unilateral varicoceles have been noted in some stallions with normal ejaculates.91 Varicoceles of stallions usually occur unilaterally and, when palpated, do not cause the horse to display signs of pain. The affected spermatic cord has the texture of a “bag of worms,” and the neck of the scrotum on the affected side may be wider than usual. Humans affected with varicocele have been treated by ligation of the venous loops of the pampiniform plexus,92 but there is no good evidence that treating subfertile men for varicocele enhances the probability of conception.90 Treatment of stallions with varicoceles is removal of the affected cord and testis, but treatment is not necessary if the varicocele does not affect seminal quality.
 
 Retraction of a Testis into the Inguinal Canal Rarely, a stallion retracts one or both scrotal testes into the inguinal area, apparently from persistent contraction of the cremaster muscle caused by pain, either from genital trauma or from musculoskeletal pain of the pelvic limbs. The position of the retracted testis inhibits spermatogenesis from that testis, which may lead to infertility. To reestablish fertility or to improve the quality of semen, the retracted testis can be returned to its normal scrotal position by transecting the cremaster muscle. To transect the cremaster muscle, the horse is anesthetized and placed in dorsal recumbency, and the ipsilateral inguinal region is prepared for aseptic surgery. To expose the cremaster muscle, a 5- to 7-cm skin incision is created over the long axis of the cord. The incision is extended through fascia until the spermatic cord is encountered. A 3-cm section of cremaster muscle, which is attached to the outer caudolateral surface of the parietal tunic, is isolated from the cord and transected with scissors. The fascia and skin are each closed separately. Descent of the testis into the scrotum can be observed when the horse recovers from anesthesia, and results of improvement in spermatogenesis can be observed in about 3 months.
 
 Testicular Neoplasia The classification of testicular neoplasms of horses is far less extensive than that of humans. Primary testicular tumors are usually divided into germinal and nongerminal types. Germinal neoplasms arise from germ cells of the spermatic epithelium, and nongerminal neoplasms arise from testicular stromal cells. Reported germinal testicular tumors of the horse include the seminoma, teratoma, teratocarcinoma, and embryonic carcinoma. Nongerminal testicular tumors of the horse are the Sertoli cell and Leydig cell tumors. Secondary tumors (i.e., tumors that are the result of metastases) of the equine testis are extremely rare.70,93,94 The prevalence of primary testicular neoplasia in horses is unknown but is probably low, perhaps because most stallions
 
 are castrated while young, before neoplasia has had an opportunity to develop,93,94 and perhaps because testes removed from apparently normal stallions are seldom examined closely for the presence of neoplasia.95 Consequently, the few acknowledged characteristics of testicular neoplasms of horses have been established by collecting information gathered from a small number of case reports. Characteristics of equine testicular neoplasms, such as hormonal effects, tendency toward malignancy, and relationship to cryptorchidism, have been inferred from characteristics of testicular neoplasms of other species more commonly affected, such as humans and dogs. Characteristics of testicular neoplasms differ among species, so extrapolating characteristics of testicular neoplasms of other species to horses may result in mistaken assumptions. Testicular enlargement is the primary presenting sign of testicular neoplasia when the neoplastic testis is located scrotally.96 Usually, the enlargement is insidious. Signs of tenderness during palpation are uncommon but may be a feature of the neoplastic testis.93,97 The surface of the neoplastic testis may be characterized by multiple, irregular bumps, and the consistency of the testis may be firmer than normal.97,98 Horses with neoplastic abdominal testes may be presented for examination because of intermittent signs of colic.96,99 Metastases may cause weight loss or dyspnea. Identifying a tumor is difficult without histologic examination of either the entire testis or tissue obtained by biopsy.97 Metastatic spread of testicular tumors is rare, but when it occurs, metastases can sometimes be palpated as an enlargement of the sublumbar lymph nodes.37 Seminoma Seminomas arise from the germinal cells of the seminiferous tubules and are the most common testicular tumors of horses.93,96 These tumors probably do not produce hormones.37 As in other species, seminomas of the horse seem to appear with greater frequency in cryptorchid testes and are most commonly found in old horses96-98,100-102 Although most equine seminomas behave benignly, they have a higher incidence of malignancy than do some of the other types of testicular neoplasms, and they metastasize more frequently.93,94,96 The relative risk of a seminoma in a human becoming malignant is highest if the testis is abdominal,103 but no such correlation has been made between the location of a seminoma in the horse and malignancy. All seminomas of horses should be considered potentially malignant, because clear histologic differentiation between benign and malignant seminomas is almost impossible.104 Abdominal invasion should be suspected if an enlarged spermatic cord can be palpated externally.93 Thoracic metastases have been reported.94,101 The sectional surface of a seminoma is lobulated, homogeneous, and white or grayish white. The tumor is soft to moderately firm, and when squeezed, the surface may exude a milky fluid.37,101 Sertoli Cell Tumor The Sertoli cell or sustentacular cell tumor of the horse arises from the nonspermatogenic cells of the seminiferous tubules.37 Sertoli cell tumors of horses are less frequently encountered than are other types of testicular tumors.104-106 Their biological behavior in horses is unknown because of the small number of reports, but in dogs and people, these tumors often cause hyperestrogenism and feminization.70
 
 Malignant Sertoli cell tumors in dogs are rare,70 but of the few Sertoli cell tumors of horses that have been reported, several were malignant.107,108 A malignant Sertoli cell tumor that had metastasized to many organs was found in a descended testis of a horse,107 and a malignant Sertoli cell tumor that also had metastasized to many organs was found in an abdominal testis of another horse believed previously to be a gelding.108 Whether cryptorchidism is a factor predisposing to development of the Sertoli cell tumor cannot be determined from the few reports.93 The sectional surface of a Sertoli cell tumor is firm, white or tan, and homogeneous.106,107 Leydig Cell Tumor The interstitial or Leydig cell tumor is an infrequently reported equine testicular tumor.93,104,109,110 Although these tumors arise from the androgen-producing cells of the testis, evidence of production of androgenic hormones by these tumors is lacking in horses and other animals.37,95,104 Because the Leydig cells of the testes of horses secrete a large amount of estrogen, in addition to androgenic hormones, the hormonal effect of Leydig cell tumors in the horse could vary.9,111 Cryptorchidism may be associated with this neoplasm on the basis of the observation that, in a study of nine stallions affected unilaterally or bilaterally with Leydig cell tumor, the tumors in all but one horse were found in one or both undescended testes.95 Most Leydig cell tumors of horses are benign, and metastases are rare.37 The sectional surface of the tumor is yellow to brown, which may help grossly to differentiate this tumor from other types of testicular tumors.93,95,112 The demarcation between the tumor and adjacent normal parenchyma is poor.95 Teratoma Teratomas are tumors of multiple tissues whose embryologic origins are different from that of the tissue in which they arise,104 and evidence indicates that they develop from pluripotential tumor cells capable of giving rise to any type of tissue found in the body.113 Most teratomas occur in the gonads.70 Histologic examination of equine testicular teratomas shows that they are benign, slow growing, and composed of mixed, welldifferentiated tissues.114 Derivatives from all three germinal layers, such as bone, cartilage, brain, and respiratory and glandular epithelium, may be present within the testis.104,115 Occasionally, teeth are found.22,104 Teratomas that consist primarily of cysts lined by squamous epithelium and contain hair have incorrectly been referred to as dermoids or dermoid cysts. The term dermoid, however, should not be used when referring to a teratoma, because unlike dermoids, teratomas display progressive growth.22 The teratoma is the second most common form of equine testicular neoplasia.93,104 It is found in both descended and cryptorchid testes, but some investigators believe it occurs more frequently in the latter.105,116-118 Others dispute this claim, stating the opposite.104,119 Failure of descent of a testis, rather than being a predisposing factor in the formation of a teratoma, may more probably be a result of the teratoma itself.105,117 Teratocarcinoma and Embryonal Carcinoma Teratocarcinomas are similar to teratomas but contain undifferentiated embryonic tissue interspersed among the
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 disarranged mix of differentiated tissues.120,121 Embryonal carcinomas resemble teratocarcinomas but are composed entirely of undifferentiated embryonic tissue.121 The undifferentiated embryonic tissue is responsible for the malignant properties of teratocarcinomas and embryonal carcinomas. Teratocarcinomas and embryonic carcinomas of the horse are evidently quite rare but appear to be rapidly fatal.
 
 Intersex Because male and female reproductive organs arise from the same embryonic structures, errors of development may result in a horse that possesses sexual structures common to both sexes.70 An individual whose sexual identity is confused because of congenital anatomic abnormalities of the genital organs is called an intersex.6,48,70 An animal’s sexual identity can be defined according to its genetic makeup, the type of its gonads, or the morphology of its accessory genitals. A normal animal is the same sex in all three categories, but the intersex differs in one of the categories. Intersexes can be divided into three main classes: “true” hermaphrodites, female pseudohermaphrodites, and male pseudohermaphrodites. Hermaphrodites are usually defined on the basis of gonadal sex, with true hermaphrodites having both testicular and ovarian tissue.6,48,122 Pseudohermaphrodites have gonads of only one sex and are classified as male or female, depending on whether the gonads are testes or ovaries. The true hermaphrodite is much rarer than the pseudohermaphrodite.6,48,122,123 One gonad of a hermaphrodite may be a testis and the other an ovary, or one or both gonads may consist of both ovarian and testicular tissue (i.e., ovotestes). The hermaphrodite’s external as well as internal genitalia usually represent both sexes, but its external genitalia may tend toward either the male or female. Some cases of equine hermaphroditism have been attributed to chimerism resulting from double fertilization or fusion of blastocysts, but other equine hermaphrodites are one genetic sex.47,123 Gonads of the pseudohermaphrodite are of one sex, but the external genitalia resemble those of the opposite sex.6,48,122 The male pseudohermaphrodite is by far the most common intersex of horses and typically has hypoplastic testes within the abdomen or inguinal canal and a penislike structure, which often resembles a clitoris, emerging from a rudimentary prepuce (Figure 59-9). The rudimentary “penis” and prepuce are positioned anywhere on the midline from the perineum to a scrotal or abdominal location.6,49 Although the phenotypic appearance of a male pseudohermaphrodite is often that of a female, sexual behavior is that of a male.122 Most equine male pseudohermaphrodites appear to be masculinized, genetic females (64, XX).6,48,70,122,124 The contradiction between gonadal and genetic sex has not been fully explained.
 
 DIAGNOSTIC PROCEDURES History and Physical Examination History pertaining to problems of the testes and related structures may include such information as infertility, history of unilateral or bilateral testicular retention, enlargement in the inguinal or scrotal areas, testicular pain, and changes in testicular size. Knowledge of events surrounding the onset of testicular pain or increase in testicular size, such as occurrence after exercise or copulation, is sometimes helpful in making a diagnosis.
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 Figure 59-9.  Male pseudohermaphrodite. A rudimentary penis and prepuce are positioned in the perineal region. (Courtesy E. Behrens, MV, Ocala, FL.)
 
 Other considerations include previous urogenital surgery, illnesses, and drug therapy. A physical examination of the testes and associated structures should include inspection and palpation. Notice should be given to the size, shape, texture, and temperature of the testes, and the horse should be observed for evidence of pain when the testes are palpated. Right and left testes should be compared. The scrotum of a normal stallion usually appears asymmetric, because the left testis has a longer spermatic cord and is, therefore, often more pendulous than the right. With cryptorchidism, the scrotum on the involved side is poorly developed. Scrotal scars should be noted, bearing in mind that a scrotal scar may mean only that an orchidectomy was attempted, not that it was accomplished. Occasionally, scrotal edema is noted. This does not usually imply disease related to the genitalia but is more likely a consequence of general retention of fluid associated with disease of other systems. The testes should feel smooth and elastic. Irregularities in size and texture may indicate trauma, orchitis, torsion of the spermatic cord, thrombosis of the testicular artery, inguinal herniation, or neoplasia. Often, a neoplastic testis is insensitive to digital compression that would cause a normal horse to show signs of pain. Insidious increase in testicular size suggests neoplasia, whereas acute increase in size may suggest torsion of the spermatic cord, inguinal herniation or rupture, or orchitis. As a testicular neoplasm grows, it may seem to replace the entire organ. The neoplastic testis characteristically feels heavier than the normal testis. Because neoplasia may be associated with inguinal or pelvic lymphadenopathy, palpation per rectum of
 
 internal lymph nodes should, if possible, accompany an examination for testicular enlargement. The testes of the prepubescent stallion are often quite small and retractile and therefore often difficult to palpate. Before declaring the stallion a cryptorchid, a tranquilizer or sedative should be administered to relax the cremaster muscles and thus facilitate palpation. The medial crus of the superficial inguinal ring is easily palpated if the palm of the hand is turned toward the abdomen.3 If the palm is turned toward the thigh, the fingers may pass into the inguinal canal without encountering the ring, because the lateral border of the ring is not as readily palpated. Because the average-sized stallion’s canal is about 15 cm in depth,32 only the most ventral part of the inguinal canal can be palpated. An inguinal testis lies with its long axis oriented vertically and is preceded in its descent by the tail of the epididymis. A partial abdominal cryptorchid can be easily mistaken for an inguinal cryptorchid if the epididymis within an everted vaginal process is, by chance, palpated and mistakenly identified as a small testis. The vaginal rings can be palpated only by examination per rectum. The epididymis, located on the dorsolateral surface of the descended testis, should be easily identifiable. The tail of the epididymis should be easily palpated on the caudal pole of the testis. If the tail of the epididymis is located craniad in the scrotum, the spermatic cord has rotated 180 degrees. As mentioned before, torsions of 180 degrees or less probably cause no clinical problems.74 When palpating the scrotum of a foal to ascertain if testicular descent is complete, the epididymis should be identified so that the remnant of the gubernaculum is not mistaken for a descended testis. A bulge in the spermatic cord or scrotum may suggest the presence of an inguinal hernia, hydrocele, or hematocele. Because the hernial contents of most acquired inguinal hernias are strangulated, palpation of the scrotum and examination of the vaginal rings per rectum should be part of the physical examination of every adult stallion with signs of intestinal obstruction. Unapparent, congenital inguinal hernias may become apparent after castration. Examining the inguinal area of foals before castration for the presence of a congenital inguinal hernia is especially important to avoid evisceration. If a scrotal hernia is present, palpation may elicit a sensation of crepitus. Occasionally, peristalsis may be noted by movement of the skin overlying the bulge.58 A ruptured inguinal hernia or an inguinal rupture should be suspected if the skin over the inguinal or scrotal swelling is cold, edematous, or macerated. A strangulated inguinal hernia or rupture should be suspected when a stallion develops signs of colic after copulation or exercise, especially if a testis and its spermatic cord are swollen and tender. A varicocele should be suspected if the spermatic cord appears larger than normal and has the texture of a “bag of worms.” A hydrocele should be suspected if the scrotum appears to be smooth, nontender, and fluid filled, and the testis is smaller than normal. The presence of a fluid-filled, nontender scrotum weeks after castration also indicates a hydrocele.
 
 Examination per Rectum Per rectum examination of the vaginal rings and structures that traverse them may be helpful in the diagnosis and evaluation of some genital abnormalities, such as cryptorchidism, inguinal or scrotal herniation, scirrhous cord, and testicular neoplasia. The vaginal rings and associated structures are located about
 
 6 or 8 cm cranial to the iliopectineal eminence and 10 to 12 cm abaxial to the linea alba in the average-sized horse.1 The vaginal ring is palpable in geldings as a slight depression, but in stallions it is large enough to insert a finger.125 The risk of rectal injury should be weighed against the value of the diagnostic information to be gained before performing an examination per rectum. For example, examination per rectum is probably not necessary before removing a cryptorchid testis by an inguinal approach, provided that the owner is confident that orchidectomy has not been attempted previously. If, during surgery, the testis is not encountered in the inguinal canal, it can usually be extracted from the abdomen through the vaginal ring or through a parainguinal incision. Even though mares are more commonly subjected to examination per rectum, the incidence of rectal injury in geldings and stallions is higher, perhaps because males are less accustomed to the procedure and resist it more forcibly.126 Most cryptorchid stallions presented for examination are young, and the small size and fractious nature of young horses predispose them to rectal injury during examination per rectum. To palpate the vaginal rings, the examiner introduces a hand into the rectum until the lateral aspect of the wrist rests on the pubic brim at the pelvic symphysis.127 The examiner may find it advantageous to palpate the right vaginal ring with the left hand and the left vaginal ring with the right hand. The fingertips are flexed and pressed against the lateral aspect of the abdominal wall, and fingers are extended in a downward and forward direction against the abdominal wall until a finger enters the vaginal ring. If the search is made with a backward flexing motion of the finger, the medial border of the deep inguinal ring tends to close, causing the finger to slide over the vaginal ring. When the vaginal ring is located, the components of the spermatic cord can be felt as a cordlike structure entering the canal. The ductus deferens is more readily palpated at the ring than are the testicular vessels,3 and it can be palpated on the caudomedial aspect of the ring, if the testis or epididymis has descended.22 The vaginal rings should always be examined for evidence of intestinal incarceration when examining a colicky stallion. Palpating distended loops of intestine and a loop descending through the vaginal ring indicates that intestine has become inguinally incarcerated. Traction on the loop usually causes a painful reaction from the horse. For horses with septic funiculitis, thickening of the spermatic cord at the vaginal ring is evidence of ascension of infection into the abdominal cavity. For horses with testicular neoplasia, thickening of the spermatic cord at the vaginal ring suggests that the neoplasm has metastasized. The lymph nodes surrounding the terminal portion of the aorta and its branches should also be palpated for evidence of metastases. For a horse with an unknown history of castration that displays masculine behavior, or for a stallion known to be cryptorchid, examination per rectum may be useful in determining whether a testis has traversed the vaginal ring.127 Determining the location of a retained testis before orchidectomy is especially important if a flank or paramedian approach is to be used, because an inguinally retained testis is difficult to remove using any approach other than the inguinal one. Palpating an abdominal testis per rectum is difficult, because the testis is small and flaccid, and because the proper ligament of the testis is usually elongated, allowing the testis a wide range of movement. Palpation of an abdominal testis per rectum by an inexperienced
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 examiner should be regarded as a fortuitous occurrence, and failure to palpate an abdominal testis should not be relied on diagnostically. The vaginal ring cannot be palpated in horses with complete abdominal testicular retention, but palpation of the vaginal ring is evidence that the testis or at least its epididymis has descended through the ring into the inguinal canal. Unfortunately, a partial abdominal cryptorchid cannot be distinguished from a horse whose testes have descended through the vaginal ring by examining the vaginal rings per rectum.
 
 Testicular Biopsy Testicular biopsy is indicated when less-invasive diagnostic methods have failed to provide an etiologic or pathologic diagnosis of testicular disease and when a diagnosis is essential to determine treatment and prognosis.128 An obviously neoplastic testis should be removed rather than biopsied, because biopsy may disseminate neoplastic cells. Testicular biopsy has been used to a limited extent in the horse, perhaps because of fear of the complications reported after incisional (especially) or needle biopsy of the testes in other species.129,130 Because horses are usually able to maintain breeding soundness after removal of one testis, obviously diseased testes have often been removed rather than biopsied, even though the testicular disease was not definitively identified. Biopsy provides the only method for directly assessing stages of spermatogenesis and rates of sperm production and for identifying space-occupying lesions.113 A biopsy may be helpful in differentiating among causes of testicular enlargement, such as septic orchitis, neoplasia, or trauma. Despite complications reported to occur in other species, aspiration and needle biopsies have been performed successfully in a small number of horses.130-132 Aspiration Biopsy Aspiration biopsy presents little risk to the horse because decreased spermatogenesis is not a likely complication.128 Although an aspiration biopsy is less damaging to the testis than a needle biopsy, an aspiration biopsy usually does not offer useful information about spermatogenesis.129 Its main use is to help determine the cause of testicular enlargement. Aspiration biopsy can be performed by inserting a 23- or 25-gauge needle into the testicular parenchyma.128 Local anesthesia of scrotal skin is unnecessary. A 12-mL syringe is attached to the needle, and the plunger is withdrawn. The needle is retracted without exiting the parenchyma and is reinserted into several areas. The plunger is released, and the needle, still attached to the syringe, is removed from the testis. Although hemorrhage after biopsy is uncommon, digital pressure maintained over the puncture site for several minutes ensures hemostasis. Aspirated material is expelled onto a glass slide, smeared, dried, and stained. Aspirated material should be smeared gently, because cells collected from the testis by aspiration are extremely fragile. The slides should be examined by an experienced cytologist, because normally developing spermatocytes have cytologic characteristics that could lead to a mistaken diagnosis of malignancy. Needle Biopsy The needle biopsy provides the most useful information about spermatogenesis, and the technique is unlikely to have
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 deleterious effects on the testis.128,130,131 Needle biopsy of a testis can be performed using a 12- or 14-gauge Vim-Silverman needle130 or a 12- or 14-gauge automated biopsy needle (Monopty Biopsy Instrument).131 Biopsy can be performed with the horse standing and sedated. The scrotum is prepared as if for aseptic surgery, and a small volume of local anesthetic solution is injected subcutaneously at the proposed site of biopsy using a 25-gauge needle. Unless there is a particular area of interest, the site of biopsy should be the craniolateral quarter of the testis, where the vasculature is the least prominent, and away from the head of the epididymis. The biopsy needle can be guided ultrasonographically to sample a discrete lesion. The testis is held tightly against the scrotal skin, and a small stab incision is created on the lateral surface of the scrotum, down to and through the parietal tunic. The Vim-Silverman needle or automated biopsy needle is inserted through the visceral tunic and tunica albuginea into the testicular parenchyma. Two or three samples are collected through the same skin incision but at slightly different angles. Pressure is maintained over the incision for several minutes, and the cutaneous incision is closed with a single suture. Samples are fixed in Bouin solution for 6 to 12 hours, washed, and stored for about 12 hours in 70% ethanol. They are then shipped to a laboratory in 50% ethanol. The biopsy should be examined by a pathologist trained in reproductive pathology. Complications associated with needle biopsy of the testis in other species include transient scrotal edema; intratesticular hemorrhage resulting in pressure necrosis; immune reaction to spermatozoa caused by disruption of the blood–testis barrier; dissemination of neoplastic cells if a tumor is biopsied; formation of a hematoma between the testis and the parietal tunic or between the parietal tunic and scrotum, which can result in insulation-induced damage to the seminiferous epithelium; and transient decrease in semen quality.128 Formation of antisperm antibodies and decrease in semen quality reported to occur in other species after testicular needle biopsy have not been reported to occur in the horse.128,131
 
 Hormonal Assays Occasionally, physical examination is inadequate to determine whether a horse possesses a retained testis, in which case a hormonal assay may be necessary to distinguish between psychic and hormonal causes of persistent masculine behavior. Concentration of testosterone or estrogen in the plasma or serum can be used to distinguish between geldings and horses with extrascrotal testicular tissue.133-138 Stallions with descended testes (sometimes referred to as “entire stallions”) and cryptorchid stallions have significantly higher concentrations of androgens and estrogens in the serum or plasma than do geldings. Concentration of testosterone and estrogen in serum decreases rapidly after castration and stabilizes within about 6 hours.139 In several studies, basal concentration of testosterone in castrated horses was generally less than 40 pg/mL of serum, and that of entire stallions was greater than 100 pg/mL.134,135 The concentration of testosterone of entire stallions was often 1000 to 2000 pg/mL, although the concentration during winter was often as low as 200 pg/mL.135 In one study, geldings were found to have a testosterone concentration in serum of less than 240 pg/mL, and horses with testicular tissue had a concentration of greater than 440 pg/mL.133 Another investigation found
 
 the concentration of testosterone in the serum of ponies with testicular tissue to be 440 to 1550 pg/mL; 6 weeks after castration, the concentration had decreased to an average of 40 pg/ mL.136 These studies found the concentration of testosterone in the serum of stallions to depend on the age of the horse and the season, with the concentration being lowest in horses younger than 3 years and during the winter.133-135 Some investigators noted that cryptorchid stallions generally had a slightly lower concentration of testosterone than did entire stallions.135-137 In contrast, other investigators observed that mature, bilateral, cryptorchid stallions and hemi-castrated stallions (i.e., unilateral cryptorchid horses whose scrotal testis had been removed) had a similar or higher concentration of testosterone in the serum than did entire stallions.133 These authors suggested that retained abdominal testes may produce as much testosterone or more than do scrotal testes. Wide variations in basal concentration of testosterone occasionally lead to confusion.134-138 Because the concentration of testosterone in some entire stallions is exceptionally low and that in some geldings is exceptionally high, values may overlap, causing erroneous conclusions to be drawn as to whether a horse possesses testicular tissue. One investigator reported 14% error using basal concentration of testosterone to differentiate geldings from horses with testicular tissue.117 These wide variations in concentration of testosterone were not observed in another study, which found basal concentrations of testosterone to be accurate in predicting the presence of testicular tissue.133 That study found an error of only 5%. A rise in the concentration of testosterone in response to stimulation by administration of hCG increases the accuracy of detecting cryptorchidism.134-138 Investigators reported increased concentration of testosterone in cryptorchid stallions at any time between 30 and 120 minutes after intravenous administration of 6000 or 12,000 units of hCG.134,135 Horses were classified as cryptorchid if the concentration of testosterone both before and after administration of hCG was greater than 100 pg/mL, or as geldings if the concentration in both samples was less than 40 pg/mL. The hCG-stimulation test was 94.6% accurate in predicting the presence of testicular tissue. Response to hCG was poor in horses less than 18 months old and during the winter.134 Other investigators found that the response of bilateral cryptorchid stallions and hemi-castrates to hCG was minimal, but that best results were achieved if poststimulation samples were obtained at 24 hours rather than at 1 hour.133 Other investigators found that administration of hCG to entire stallions induced an increase in concentration of testosterone that lasted about 10 days, and they suggested that for detection of a retained testis, a poststimulation sample should be taken at 2 to 3 days.138 In one study, quantification of total free (i.e., unconjugated) estrogen alone was superior to quantification of total androgens, with or without hCG stimulation, for detecting retained testicular tissue.137 Although other investigators were unable to confirm superiority of free estrogens for detecting testicular tissue, they found a high correlation between the presence of testicular tissue and the concentration of conjugated estrogen (e.g., estrone sulfate) if cryptorchid horses younger than 3 years and cryptorchid donkeys of any age were excluded from the study.134,135 The investigators found that young cryptorchid horses and cryptorchid donkeys did not consistently produce enough conjugated estrogens to yield reliable results. Quantification of conjugated estrogen was 96% accurate in predicting
 
 the presence of testicular tissue when these animals were excluded from the study. Although cryptorchid horses produced less estrogen than did entire stallions, the lower threshold of conjugated estrogen for a cryptorchid horse was higher than that of testosterone. Horses with a concentration of estrone sulfate less than 50 pg/mL in plasma or serum were determined to be geldings. A concentration in excess of 400 pg/mL indicated cryptorchidism. Another investigation also revealed a high correlation between the concentration of conjugated estrogens and the presence of testicular tissue in horses older than 3 years.133 In that investigation, geldings had a concentration of estrone sulfate less than 120 pg/mL, and cryptorchid stallions had a concentration greater than 1000 pg/mL. Knowing the laboratory’s standards for normal hormonal concentrations of geldings and horses with testicular tissue is important when evaluating results of hormonal assays. Comparing test results with values from a known gelding may be necessary, if the laboratory cannot furnish standards. Falsepositive results from hormonal assays to determine the presence of testicular tissue have not been reported.140 The clinician can be confident that a horse has testicular tissue if the result of a hormonal assay indicates that testicular tissue is present.
 
 Other Diagnostic Tests Diagnostic tests that can be used to identify or characterize disease of the testes include ultrasonography, semen evaluation, cytological examination of peritoneal fluid, thermography, karyotyping, and possibly measurement of serum biomarkers. Ultrasonographic examination may delineate abnormalities within the testis and associated structures or assist in determining the location of a cryptorchid testis. To ultrasonographically image an undescended testis, the inguinal area is scanned with a longitudinally placed 3.5-MHz convex probe or a 5-MHz transrectal transducer.141,142 The testis is recognized as a round structure with a homogeneous granular texture with an anechoic line inside, representing the central vein of the testis. The echotexture of the cryptorchid testis is less dense than that of a normal descended testis.141 If the testis is not located, the probe is placed more axially to examine the caudal ventral aspect of the abdomen. Most abdominal testes can be visualized lying on the ventral abdominal wall adjacent to the urinary bladder. If the testis is still not detected, the lateral aspect of the flank is scanned. If the testis cannot be located during transabdominal ultrasonographic examination, transrectal ultrasonography can be performed. To image an abdominal testis, the transducer is inserted rectally, cranial to the pelvic brim, and the abdomen is scanned in a to-and-fro pattern as the transducer is advanced craniad. Transrectal ultrasonography is ineffective in locating an inguinal testis.141 The sensitivity of transabdominal ultrasonography in detecting an undescended testis is about 98%.142 Withholding feed from the horse for 24 to 36 hours before examination enhances visualization of an abdominal testis.142 Serum concentrations of biochemical markers, such as α-fetoprotein and hCG, are measurable in minute quantities using radioimmunoassay and have been used to monitor the response of humans to treatment for testicular neoplasia.103 Apparently, no such markers have been used to detect testicular neoplasia of horses or to monitor the presence of metastatic neoplasms after a neoplastic testis has been removed.
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 Cytologic examination of peritoneal fluid may be valuable in diagnosing certain diseases of the testes and associated structures because the vaginal and peritoneal cavities communicate, so that changes in vaginal cavity fluid can be reflected in the peritoneal fluid. Semen evaluation may be valuable in diagnosing orchitis, epididymitis, or seminal vesiculitis. Thermographic examination of the scrotum may detect a variation in temperature between the testes. A horse with morphologic abnormalities suggestive of intersexuality, such as cryptorchidism accompanied by ambiguous genitalia, can be karyotyped to determine its genetic sexual identity.
 
 SURGICAL PROCEDURES Castration Indications Synonyms for castration include orchidectomy, orchiectomy, emasculation, gelding, and cutting. Castration is one of the most common equine surgical procedures and is usually performed to sterilize horses unsuitable for contributing to the genetic pool and to eliminate masculine behavior. By removing the primary source of androgens, castration renders the horse more docile and manageable. Although stallions can be safely castrated at any age, managerial convenience usually governs the age at which a horse is castrated. Typically, a horse is castrated simply because facilities are insufficient to safely contain a stallion. Most horses are castrated when they are 1 to 2 years old, when masculine behavior becomes intolerable to the owner. Sometimes castration is delayed until a masculine feature, such as a crest on the neck, has developed or until it becomes apparent that the horse is unsuitable for breeding. Castration may be performed to alter conformation. Bulls castrated before puberty grow to a greater height because castration delays closure of the growth plates of their long bones,143 and the same may be true of stallions castrated before puberty. The age when colts reach puberty varies greatly between and within breeds. One study found that the mean age at which American Quarter Horse colts reached puberty, defined as the age at which an ejaculate containing a minimum of 100 × 106 sperm with at least 10% progressive motility was first collected, was 68.68 ± 12.7 weeks and ranged between 55 and 101 weeks.144 Orchitis, epididymitis, testicular neoplasia, hydrocele, varicocele, testicular damage caused by trauma, torsion of the spermatic cord, or inguinal herniation may necessitate unilateral or sometimes bilateral orchidectomy. Impotent or infertile breeding stallions may be salvaged for other uses by castration. Preoperative Considerations A general physical examination of the horse should precede castration, and the scrotum, especially that of very young horses, should be inspected for inguinal herniation and for the presence of both testes. Discovery of inguinal herniation or cryptorchidism may affect the choice of anesthesia and the surgical approach. Preoperative sedation of a fractious horse usually permits safe palpation of the scrotal and inguinal areas and occasionally facilitates palpation of an inguinal testis by causing the cremaster muscles to relax.
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 Standing Castration
 
 Recumbent Castration
 
 CASE SELECTION Castration performed with the horse standing can be difficult and dangerous to the surgeon if candidates for the procedure are not selected prudently. Standing castration of horses with poorly developed testes and of ponies is mechanically difficult. Donkeys and mules can be dangerous to castrate while they are standing because of their athletic agility. Stallions that elicit a hostile or evasive response to genital palpation are best castrated while they are anesthetized. Docile stallions with welldeveloped testes whose genitalia can be palpated without being sedated are usually the safest candidates for standing castration.
 
 ANESTHESIA To castrate a horse in the recumbent position, a clean, safe area in which to anesthetize and recover the horse is a prerequisite. A variety of intravenous anesthetics, alone or in combination, can be administered to provide safe and predictable anesthesia of sufficient duration. A thiobarbiturate administered as a bolus produces rapid anesthesia characterized by moderate analgesia and muscular relaxation, particularly if the horse has been sedated with xylazine.145 Recovery is usually satisfactory if repeated administration of the thiobarbiturate is not necessary. Ketamine, administered after sedating the horse with xylazine, provides 10 to 15 minutes of surgical anesthesia. Muscular relaxation and analgesia are only moderate but can be enhanced if butorphanol tartrate or diazepam is added to the preanesthetic regimen.145-147 If necessary, anesthesia can be extended by readministering half the dosage of xylazine and ketamine combined in one syringe. Guaifenesin (5% to 10%), in combination with ketamine or a thiobarbiturate, provides smooth induction and recovery and good analgesia with excellent muscular relaxation, but guaifenesin must be administered in large volumes.148 Succinylcholine, a muscle relaxant, has been widely employed as a chemical restraint for recumbent castration, but because it provides no analgesia, its use alone for castration is inhumane. Additional information on anesthesia can be found in Chapters 18 and 19.
 
 PREPARATION OF THE HORSE Sedating the horse to be castrated while standing is optional but advised. Drugs commonly used, either alone or in combination, are xylazine HCl, detomidine HCl, pentazocine, and butorphanol tartrate. Acetylpromazine, although commonly administered to tranquilize stallions before castration, can result, on rare occasion, in priapism or penile paralysis, and so its use in stallions should be avoided. Additional information about standing restraint of the horse can be found in Chapter 22. The scrotum must be anesthetized on each side of the scrotal raphe from the cranial to the caudal pole of the testis along the proposed lines of incision. The spermatic cords can be anesthetized by injecting local anesthetic solution, usually 15 to 30 mL, through a 22- to 20-gauge needle directly into each cord. This anesthetic technique ensures good anesthesia of the cord but occasionally causes a hematoma that interferes with application of the emasculator. Alternatively, about 25 mL of local anesthetic solution (without epinephrine) can be injected directly into the parenchyma of each testis through an 18-gauge, 1 1 2 inch needle. The anesthetic solution diffuses proximally into each spermatic cord. The horse’s tail should be bandaged to prevent it from contaminating the surgical field, and the scrotum should be scrubbed before and after administering the local anesthetic solution. RESTRAINT The horse should be restrained by a competent handler, and to ensure adequate immobilization, application of a lip twitch may be necessary. The standing castration should be performed with both the surgeon and the handler positioned on the same side of the horse, usually the left side for the right-handed surgeon. The surgeon should be positioned at the horse’s shoulder well out of kicking range with his or her head and shoulder pressed firmly into the horse’s flank. Standing castration can be performed safely and efficiently if candidates are selected prudently, the horse is adequately sedated, the spermatic cord and scrotum are properly desensitized with a local anesthetic agent, and the surgeon is technically proficient. A standing castration requires less expense and assistance and is often less time-consuming because the surgeon need not wait for the horse to recover from general anesthesia. Risks to the horse that attend general anesthesia are avoided. Because the spermatic cords and scrotum are locally desensitized, measures to rectify immediate postoperative complications, such as hemorrhage, can be accomplished without anesthetizing the horse.
 
 POSITIONING The horse is anesthetized and positioned in lateral recumbency with its upper pelvic limb pulled forward and secured with a rope. The right-handed surgeon generally finds the recumbent castration most easily performed with the horse positioned in left lateral recumbency, and vice versa. Approach SCROTAL INCISION For the standing castration and most techniques of recumbent castration, the testes are removed through a scrotal incision. If the horse is anesthetized, and if the testes are small and difficult to grasp, as is often the case with prepubescent stallions, the scrotum can be safely incised by pulling the cranial end of the prepuce craniad and upward to tense the scrotal raphe (Figure 59-10). Another method of incising the scrotum is to make two parallel 8- to 10-cm incisions 2 cm distant from the raphe on either side while compressing the testes against the bottom of the scrotum. The incisions should be sufficiently long to provide adequate postoperative drainage. To ensure adequate drainage, many surgeons prefer to partially ablate the scrotum, which can be accomplished by connecting the two parallel incisions craniad and caudad and removing the portion of scrotum between the incisions. Another method of removing the bottom of the scrotum is to grasp the scrotal raphe between the thumb and forefinger, and while applying traction to the bottom of the scrotum, to excise a portion of the tented tissue with a scalpel (Figure 59-11). When surgery is performed with the horse standing, stab wounds to the horse or surgeon that could result from sudden movement by the horse are prevented by incising the scrotum with a scalpel blade held between the fingers rather than
 
 attached to a handle. A large portion of the scrotum should be excised to ensure adequate drainage. To avoid cutting large vessels, the dissection should remain close to the scrotal skin. After removing a portion of the scrotum, the testes are isolated using digital dissection.
 
 Figure 59-10.  Incising the scrotum for castration. If the testes are difficult to grasp, the cranial end of the prepuce can be pulled craniad and upward to tense the scrotal raphae.
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 INGUINAL INCISION For the inguinal approach, the horse is anesthetized and positioned in dorsal recumbency. The superficial inguinal ring is exposed through an 8- to 15-cm skin incision (depending on the horse’s size) made directly over the superficial inguinal ring. EMASCULATORS The emasculator models most commonly used are the improved White’s, the Reimer, and the Serra emasculators (Figure 59-12).149 The Reimer emasculator crushes the cord, and a blade operated by a separate handle severs the cord distally. Because the cord is severed with a separate handle, there is no danger of cutting the cord before it is satisfactorily crushed. The extra handle on the Reimer emasculator makes the instrument somewhat unwieldy for standing castration. The Sand’s emasculator is similar to the Reimer emasculator but has no cutting component and only crushes the cord (Figure 59-13). The cord must be severed distal to the crushed segment with scissors or a scalpel blade. This emasculator is used more commonly in Europe than in North America. The jaws of the Serra emasculator are curved, so that the cord is evenly crushed, and the grooves on the crushing blades are oriented parallel to the cord, decreasing the chance of accidentally transecting the cord with the crushing portion of the jaws (Figure 59-14).21 The Henderson Equine Castrating Instrument is another tool designed for castration (Figure 59-15). One handle of this plierslike instrument is attached to a 12 W, or greater, variablespeed drill (slippage is likely to occur with a less-powerful drill) with a 3 8 -inch or larger chuck. With one hand holding the testis, the instrument is clamped across the entire cord, just proximal to the testis. With slight tension on the drill and with the instrument held parallel to the cord, the testis is rotated slowly for about five turns. The speed of the rotations is gradually increased while keeping slight tension on the cord. After 20 to 25 rotations, the cord separates about 8 to 10 cm proximal to the instrument. The twisting of the cord effectively seals the severed
 
 Figure 59-11.  The bottom of the scrotum is removed by placing traction on the scrotal raphe with a thumb and forefinger and excising a portion of the tented tissue with a scalpel.
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 Figure 59-14.  Serra emasculator. The grooves of the crushing blade are oriented vertically to prevent the blade from accidentally cutting the cord.
 
 A
 
 B
 
 Figure 59-12.  Reimer (A) and Serra (B) emasculators. The Reimer emasculator severs the cord with a blade on a separate handle so that the cord is not accidentally cut before it is satisfactorily crushed.
 
 Figure 59-15.  A Henderson Equine Castrating Instrument. One handle of this instrument is attached to a variable-speed drill. The instrument is clamped across the spermatic cord and rotated slowly for about five turns before the speed of rotations is increased. The cord is rotated until it separates proximal to the instrument. The twisting of the cord seals the severed vessels.
 
 Surgical Techniques Figure 59-13.  The Sand’s emasculator is similar to the Reimer emasculator but has no cutting blade. The spermatic cord must be severed distal to the emasculator with a scissors or scalpel blade.
 
 vessels. Because the parietal tunic is sealed using this device, herniation is theoretically less likely than when castration is performed using other instruments. Although castration using this instrument is usually performed with the horse anesthetized, horses can also be castrated with this instrument while they are standing.
 
 Techniques of orchidectomy are the open, closed, and halfclosed techniques, regardless of whether the horse is castrated while standing or recumbent, or whether the approach is inguinal or scrotal. With the open technique of castration, the parietal (or common vaginal) tunic is retained. With the closed and the half-closed techniques, the portion of the parietal tunic that surrounds the testis and distal portion of the spermatic cord is removed. Regardless of the technique, the scrotal skin is most commonly left unsutured to heal by second intention. When the skin is left unsutured, the castration is sometimes referred to as an open castration, adding confusion to the terminology associated with castration. When the scrotal or inguinal skin is
 
 sutured, the castration is sometimes referred to as a closed castration. To avoid confusion, the terms open and closed should be used to describe whether the parietal tunic of each testis was removed and should not be used to describe whether the scrotal or inguinal wound was sutured. OPEN TECHNIQUE When performing the open technique of castration, the parietal tunic of testis is incised. The ligament of the tail of the epididymis (caudal ligament of the epididymis), which attaches the parietal tunic to the epididymis, is severed or bluntly transected. By transecting the fold of the mesorchium and mesofuniculum, the testis, epididymis, and distal portion of the spermatic cord are completely freed from the parietal tunic and removed using an emasculator. The open technique of castration is probably the most commonly used technique.149 CLOSED TECHNIQUE THROUGH A SCROTAL APPROACH With the closed technique, the parietal tunic is not incised, so it also is removed along with the testis and a portion of the cord. Using digital dissection, the parietal tunic surrounding the testis is freed from the scrotal ligament and scrotal fascia. By placing mild traction on the testis with one hand, the parietal tunic surrounding the cord is then separated from fascia surrounding the spermatic cord with the other hand. After the parietal tunic is separated from the surrounding fascia, it and its contents are removed using an emasculator. Care should be taken, when separating the fascia from the spermatic cord, to include the large pudendal vessels that lie within the fascia, so that these vessels are not included in the jaws of the emasculator. HALF-CLOSED TECHNIQUE The closed technique just described can be converted to a halfclosed technique by making a 2- to 3-cm vertical incision through the exposed parietal tunic at the cranial end of the testis or the distal end of the spermatic cord. A thumb (the left thumb if the operator is right-handed) is inserted through the incision into the vaginal cavity. The testis and a portion of the spermatic vasculature are prolapsed through the incision by applying downward traction on the tunic with the thumb while simultaneously using the fingers of the same hand to push the testis through the incision. The fundus of the parietal tunic inverts and follows the testis through the incision because of its attachment to the testis by the ligament of the tail of the epididymis. Traction is applied to the parietal tunic with the index and middle fingers, which are placed into the sac formed by the inverted fundus. Traction can also be applied to the parietal tunic and the testis by applying a large Carmalt or Allis forceps to the parietal tunic before prolapsing the testis from the vaginal cavity. The half-closed technique should be considered a closed technique because the parietal tunic is removed along with the testis and the distal portion of the spermatic cord. CONSIDERATIONS CONCERNING ALL TECHNIQUES For each technique, the emasculator is applied at a right angle to the spermatic cord, loosely closed to avoid incorporating scrotal skin, and slid farther proximally. The emasculator is applied so that the crushing component is proximal to the cutting blade. When correctly applied, the wing-nut of the emasculator is oriented distad toward the testis, and the emasculator is said to be positioned “nut to nut.” This positioning is not critical when using an emasculator that does not have a cutting
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 blade. The scrotal skin is pushed toward the abdomen with one hand (with the spermatic cord positioned between the index and middle fingers) toward the horse’s abdomen, and the jaws of the emasculator are inspected to ensure that they do not contain scrotal skin. The tension on the cord is relieved, and the handles of the emasculator are compressed completely to crush and, depending on the emasculator used, to sever the cord. The time that should elapse before the emasculator is removed from the spermatic cord depends on the size of the cord being severed and the dependability of the emasculator used, but applying the emasculator for about 2 minutes is usually sufficient to achieve hemostasis. If the cord is exceptionally large, the emasculator can be applied for a longer time, or the parietal tunic and cremaster muscle can be crushed and severed separately from the testicular vessels and the ductus deferens. The cutting blade of the emasculator should not be so sharp that the cord is completely severed but rather should be slightly dull so that the cord must be torn, although with only slight effort, from the blade. If a noncutting emasculator is used, the cord is severed with a scalpel blade or scissors 2 to 3 cm distal to the emasculator. The emasculator should be directed toward the horse’s inguinal area before the cord is released, so that the testicular vessels do not recoil. It is customary, and perhaps prudent, when performing a standing castration to leave the scrotal wound unsutured. Loose scrotal fascia protruding from the scrotal opening is trimmed with scissors. A technique (i.e., the Zurich technique) frequently used in Europe to ensure adequate scrotal drainage involves suturing a 30-cm-long gauze drain to the stumps of the cords with heavy catgut suture.150 The drain that exits the scrotal wound is removed 2 days after castration by rupturing the catgut suture with a sharp tug on the drain. SELECTION OF TECHNIQUE An advantage of the closed and half-closed techniques of castration is that removal of the parietal tunic decreases the incidence of postoperative complications, such as septic funiculitis and hydrocele32,35 (see “Postoperative Complications,” later). The half-closed technique permits inspection of the components of the cord and allows a greater portion of the ductus deferens and testicular vasculature to be exteriorized. For horses at risk of having an unapparent inguinal hernia, such as Standardbreds, evisceration can be avoided by using a closed technique and placing a ligature proximal to the proposed site of transection. The closed technique of castration has no advantage over the open technique in preventing evisceration if a ligature is not applied to the cord proximal to the site of transection. The closed and half-closed techniques are indicated for disease conditions that may involve the parietal tunic, such as neoplasia and orchitis. The closed and half-closed techniques require more dissection than does the open method of castration, and this may be a disadvantage when performing a standing castration on a fractious stallion. Primary Closure of the Incision By convention, scrotal incisions are usually left unsutured to heal by secondary intention. Primary closure, however, speeds healing and recovery, decreases the possibility of infection, and decreases edema, pain, and muscular stiffness.151-154 Primary closure may be particularly useful if vigorous exercise cannot be enforced postoperatively.
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 In one study, 6% of horses castrated under aseptic conditions, while anesthetized, and whose scrotal wound was sutured, suffered from one or more complications, including diarrhea and fracture of limb during recovery from anesthesia, whereas 22% of horses castrated while standing and whose scrotal wound was left open to heal by second intention experienced a complication, which for most was infection at the scrotal wound.155 The cost of performing a castration with the horse anesthetized and under aseptic conditions was about three times greater than the cost incurred when the horse was castrated while standing. Even considering the cost associated with treatment for complications incurred when castration was performed with the horse standing, however, the overall cost of performing surgery with horses standing was still less than that of performing surgery with horses anesthetized and under aseptic conditions.155 Primary closure decreases the time of convalescence but is time-consuming and requires meticulous hemostasis and strict adherence to aseptic technique. In one study in which the scrotal wound was sutured, no complications were encountered when the spermatic cords were simply transected with an emasculator.151 Hemorrhage from a cord, however, even a small amount, into the sutured scrotum, increases the risk of hematoma formation. Therefore ligation of the cord proximal to the point of division with the emasculator ensures good hemostasis and should be considered an important part of the procedure. One investigator, pointing out the importance of eliminating dead space, closed the subcutaneous tissue with multiple rows of absorbable suture.151 Another investigator, however, found multiple-layer closure unnecessary and reported minimal postoperative complications when only the scrotal skin was sutured.152 The cutaneous incision is best closed with an absorbable 2-0 monofilament suture using a simple-continuous intradermal suture pattern. Because the cutaneous incision is sutured intradermally, removal of cutaneous sutures is not necessary. The testes can be removed per primam, with the horse anesthetized, through an inguinal incision created over each spermatic cord.156,157 This technique is frequently used in Europe when castrating horses 2 years old or older to avoid evisceration, because the vaginal rings of horses more than 2 years old are thought by some surgeons to be wider than those of younger horses. Using this technique, the testis is pushed craniad from the scrotum so that it lies close to the superficial inguinal ring, and a 5- to 7-cm cutaneous incision is created over the superficial inguinal ring. The inguinal fascia overlying the testis is incised to expose the parietal tunic of the testis. Care is taken to avoid lacerating large branches of the external pudendal blood vessels. The parietal tunic is incised longitudinally for 5 cm in an area not covered by the cremaster muscle. The ligament of the tail of the epididymis is located with an index finger, and by applying traction on this structure, the testis is pulled from the vaginal cavity. The ligament of the tail of the epididymis, which attaches the testis to the parietal tunic, is transected. Bleeding vessels are cauterized to prevent hemorrhage into the vaginal cavity. Two transfixing ligatures of absorbable heavy monofilament suture are applied 1 cm apart, as far proximad as possible, to the testicular vasculature and ductus deferens. The vasculature and ductus deferens are severed 2 cm distal to the distal ligature, and the stump is replaced into the vaginal cavity. If this technique of per primam castration is performed with the expectation of preventing incarceration of
 
 intestine into the inguinal canal, a ligature should be applied to each spermatic cord proximal to the site of transection.64 The incision in the parietal tunic and the subcutaneous tissue are each sutured with an absorbable 2-0 monofilament suture using a simple-continuous pattern. The cutaneous incision is closed with the same suture using a simple-continuous intradermal suture pattern. Aftercare All horses not previously immunized with tetanus toxoid should receive both tetanus antitoxin and toxoid. The previously immunized horse should receive a booster vaccination if more than a year has passed since its last vaccination.158 The horse’s activity should be restricted for the first 24 hours after castration to prevent hemorrhage from the severed testicular and scrotal vessels. After this period, the horse should be exercised to the degree necessary to prevent excessive preputial and scrotal edema. A large, grass-covered field is an ideal environment for postoperative recuperation, but the owner should be cautioned that turning a horse into a field does not ensure that it will receive adequate exercise. Antimicrobial treatment is probably unnecessary if clean surroundings are provided, but a survey of practitioners, undertaken to determine the type and frequency of complications that occur after castration found that horses may be less likely to develop infection at the castration site if they receive perioperative antimicrobial treatment.149 The operative site can be hosed vigorously, if the horse permits it, to keep the scrotal wound clean, open, and draining; but this same survey found that horses that receive hydrotherapy after castration may be more prone to develop excessive swelling and infection of the scrotum. Protecting the wound against flies is usually unnecessary, even during fly season, if the horse’s tail-hairs are long enough to reach the scrotal area. The horse should be isolated from mares for at least 2 days after castration. Ejaculates are highly unlikely to contain sufficient spermatozoa to cause impregnation after 2 days.159 The castration wound should be nearly healed by 3 weeks. Laparoscopic Castration Ligating and transecting the blood supply and ductus deferens of scrotal testes laparoscopically with the horse standing or anesthetized results in avascular necrosis of the testicular parenchyma with the testes in situ.160,161 The standing approach is preferred by most surgeons when the horse is castrated laparoscopically. To ensure safe insertion of a laparoscopic sleeve and cannula into the abdomen, the abdomen can be insufflated through a Verres needle, IV catheter, teat cannula, chest drain, or metal uterine catheter introduced into the abdomen through a stab incision created slightly dorsal to the crus of the internal abdominal oblique muscle, midway between the last rib and the tuber coxae. The abdomen can also be insufflated, using the same devices, through a stab incision created on the linea alba. The abdomen is insufflated using a gas, such as carbon dioxide, nitrous oxide, or helium, until the intra-abdominal pressure rises to 8 to 10 mm Hg. Care should be taken to avoid insufflating the retroperitoneal space. After the abdomen is inflated, the insufflation device is removed, and a laparoscopic sleeve with a trocar is inserted through an incision in the flank. The laparoscopic sleeve and trocar can also be
 
 inserted safely, without insufflating the abdomen, by allowing air to enter the abdomen through a blunt cannula, such as a chest drain, inserted into the abdomen through the flank. Air entering the abdomen causes the viscera to fall away from the body wall, allowing safe introduction of the laparoscopic sleeve and trocar. The trocar is removed, and the laparoscope, which is attached to a fiberoptic light source and a video camera and viewing monitor, is introduced into the abdomen. The laparoscope is directed caudad to view the inguinal area. A 10-mm-diameter instrument portal is created 8 to 10 cm cranioventral to the laparoscopic portal, and another is created 8 to 10 cm caudoventral to the laparoscopic portal. A third 5-mm-diameter instrument portal is created 8 to 10 cm caudodorsal to the laparoscopic portal. The testicular vessels and ductus deferens are identified in the mesorchium as they course toward the vaginal ring. A ligating loop is placed through the 5-mm instrument portal, and a right-angle dissecting forceps is inserted through the cranioventral portal and the ligating loop. The ductus deferens and testicular vessels are grasped with the forceps. Using a bipolar cautery forceps placed through the caudoventral instrument portal, the ductus deferens and testicular vessels are coagulated distal to the forceps. The cautery instrument is removed and replaced with a laparoscopic scissors, which is used to transect the ductus deferens and spermatic vessel immediately distad to the site of coagulation. The ligating loop is now slid over the right-angle forceps onto the coagulated stump of the ductus deferens and testicular vessels, tightened, and tied, and the ends of the ligature are cut. After releasing the forceps, the stump is inspected for hemorrhage. By elevating the small colon manually per rectum, the contralateral testis can be removed using the same portals and technique. Removing the contralateral testis using portals created on the contralateral side, however, may be faster and easier. The testes, deprived of their blood supply, swell during the first week and then begin to decrease in size. The atrophied testes can be palpated in the scrotum for at least several months,161 but by 5 months the remnants are no longer palpable.160 Within 7 days after the testicular vessels are ligated, the concentration of testosterone falls to that expected of a horse with no functional testicular tissue. The body and tail and sometimes the head of the epididymis remain viable, but because the epididymis has no contribution to masculine behavior, the horse behaves as a gelding.20 Swelling and discomfort observed after laparoscopic castration seem to be less severe than that seen after routine castration.161 In one study that evaluated the results of laparoscopic castration, 5.6% of inguinally retained testes and 3.4% of normally descended testes failed to become completely necrotic, as a result of an alternative blood supply from the cremasteric or external pudendal artery, or both, resulting in preservation of stallionlike behavior.20,162 The owner should be warned of this uncommon complication. Vasectomy A stallion used for detecting estrous (i.e., a teaser stallion) can be vasectomized to render it incapable of ejaculating spermatozoa and thus from accidentally impregnating mares. A stallion can be vasectomized through an incision created over each spermatic cord or through a single incision created over one testis.163 To transect a portion of the ductus deferens through a single incision
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 in the scrotal area, the horse is anesthetized and positioned in dorsal or lateral recumbency, and the scrotum is prepared for surgery. A 2-cm, longitudinal, cutaneous incision is made on the medial aspect of one testis, and the incision is extended through the dartos and parietal tunic. The ductus deferens, which is identified as a white, 2- to 3-mm-diameter, cordlike structure, is exteriorized and separated for a length of several centimeters from its mesorchium, using a curved hemostatic forceps. Two ligatures of 2-0 absorbable or nonabsorbable suture are placed around the most proximal aspect of the exposed portion of the ductus deferens, and a third ligature is placed around the most distal aspect of the exposed portion of the ductus deferens. The segment of ductus deferens between the two proximal ligatures and the distal ligature is removed. Double-ligating the proximal end minimizes the likelihood of spontaneous reanastomosis and formation of a sperm granuloma. The incision in the parietal tunic is sutured with an absorbable 2-0 suture using a simple-continuous pattern. The ductus deferens on the medial aspect of the other testis is subsequently palpated through the cutaneous incision and exposed by incising the scrotal septum and overlying parietal tunic. A segment of the ductus deferens is exteriorized, ligated, and transected as described. The incision in the parietal tunic and the subcutaneous tissue are each sutured with an absorbable 2-0 suture using a simple-continuous pattern. The cutaneous incision is closed with the same suture using a simple-continuous intradermal suture pattern.
 
 Immunologic Castration Immunization against luteinizing hormone–releasing hormone (LHRH), a neuropeptide produced by the hypothalamus, was used in a cryptorchid stallion to decrease serum concentration of testosterone,164 and immunization against gonadotrophinreleasing hormone (GnRH) was used experimentally to suppress testicular function of entire stallions.165,166 Repeated immunization was necessary to maintain a sufficient binding titer for complete neutralization of LHRH or GnRH and inhibition of the reproductive endocrine axis. Immunization against GnRH caused decreased concentrations of testosterone and estrogen in the serum, diminished sexual behavior, and decreased testicular size, and it had a negative effect on semen quality. Stallions varied in response to immunization, and in one study, libido was not totally suppressed.165 If a vaccine against LHRH or GnRH becomes commercially available, unwanted male sexual behavior by cryptorchid or entire stallions can be prevented temporarily. A vaccine against GnRH may enable a stallion to perform at its peak ability at athletic competitions, by decreasing undesirable sexual behavior, until the stallion’s genetic potential can be determined, while allowing the stallion to retain its ability to produce progeny. The time required for recovery of libido and semen quality needs to be determined before a vaccine against LHRH or GnRH is used clinically for temporary diminution of male sexual behavior.
 
 Cryptorchid Castration A retained testis can be removed through an inguinal, parainguinal, suprapubic paramedian, or flank approach. For each of these approaches, except the flank approach, the horse must be anesthetized. The approach is termed noninvasive if the testis
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 can be removed by introducing only one or two fingers into the abdominal cavity, and an approach that requires insertion of a hand into the abdomen is considered invasive. Only the inguinal and parainguinal approaches allow noninvasive removal of a cryptorchid testis. Inguinal Approach For the inguinal approach, the horse is anesthetized and positioned in dorsal recumbency. The superficial inguinal ring is exposed through an elliptical, scrotal incision or through an 8- to 15-cm skin incision (depending on the horse’s size) made directly over the superficial inguinal ring. A cryptorchid testis and the contralateral scrotal testis (or two cryptorchid testes) can be removed from one incision if the incision is created over the scrotum rather than over the superficial inguinal ring. The inguinal fascia is separated digitally to expose the superficial inguinal ring. An inguinal testis is readily encountered when the superficial inguinal ring is exposed. The vaginal sac should always be opened and its contents examined to avoid mistaking the descended tail of the epididymis of a partial abdominal cryptorchid for a small, inguinal testis. If the testis has already been removed, the stump of the spermatic cord is encountered as it exits the canal. Finding a stump of a severed ductus deferens, the remnant of spermatic vessels, and a welldeveloped cremaster muscle indicates that the horse has been castrated.25,134
 
 Figure 59-16.  An inverted vaginal process can be everted into the inguinal canal by exerting traction on the inguinal extension of the gubernaculum testis. This ligament is a remnant of the gubernaculum and attaches the vaginal process to the scrotum.
 
 After the superficial inguinal ring has been exposed, an abdominal testis can be retrieved using one of several noninvasive techniques. One noninvasive technique requires locating the rudimentary common vaginal tunic, or vaginal process. This structure contains a portion the epididymis or sometimes a portion of the gubernaculum testis. The body of the epididymis can be exposed through a small incision in the vaginal process and traced to the tail of the epididymis, which is connected to the testis by the proper ligament of the testis. By placing traction on this ligament, the abdominal testis can usually be exteriorized through the vaginal ring. The key to this technique is locating the vaginal process. The vaginal process of the partial abdominal cryptorchid testis lies everted within the inguinal canal and is readily encountered during inguinal exploration. The vaginal process of the complete abdominal cryptorchid lies inverted within the abdominal cavity, along with the epididymis and testis, and difficulty may be encountered in locating and everting it into the canal. An inverted vaginal process can be everted into the inguinal canal by exerting traction on the scrotal ligament, which is also known as the inguinal extension of the gubernaculum testis (IEGT)12 (Figure 59-16). This ligament is a remnant of the gubernaculum testis and attaches the vaginal process to the scrotum. The IEGT is located by carefully examining the margin of the superficial inguinal ring for a fibrous band that descends into the canal. The IEGT can be found on either the medial or lateral aspect of the ring, usually at the junction of the middle
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 and cranial third of the ring. The genitofemoral nerve courses through the canal and can be mistaken for the IEGT. This nerve usually lies farther caudad, in the middle or caudal third of the superficial inguinal ring. The IEGT is most easily located by grasping and retracting loose fascia at the junction of the middle and cranial thirds of the ring with the thumb and index finger of one hand and tracing it into the canal with the index finger and thumb of the other hand. The fascia tears if the IEGT is not contained within the fascia, but if the IEGT lies within this fascia, traction causes the inverted vaginal process to evert into the canal, where it and the epididymis or gubernaculum contained within can be seen and palpated. The everted process is a glistening white structure, usually about the size of a fingertip.
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 A hypoplastic cremaster muscle can be seen attached to the lateral aspect of the vaginal process. An inverted vaginal process can also be everted using a sponge forceps.22 A finger is inserted through the vaginal ring into the inverted vaginal process, and a 25-cm curved sponge forceps is introduced beside the finger. The jaws of the forceps are opened and closed to grasp the apex of the vaginal process. Traction applied on the forceps everts the inverted vaginal process. The difficulty of this technique is locating the vaginal ring. The ring can usually be found beneath the third finger when four fingers are inserted into the inguinal canal. After the vaginal process is everted and stripped of inguinal fascia, it is incised longitudinally (a No. 12 scalpel blade works
 
 A Figure 59-17.  A, The everted vaginal process is stripped of inguinal fascia and longitudinally incised. B, The epididymis contained within is grasped with a hemostat and exteriorized.
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 best for this) to expose a portion of the epididymis contained within (Figure 59-17, A). The epididymis is grasped with a hemostat and exteriorized until the tail of the epididymis is located (see Figure 59-17, B). The proper ligament of the testis connects the tail of the epididymis to the caudal pole of the testis (Figure 59-18), and by applying traction to this structure, the testis can be pulled through the vaginal ring and exteriorized for removal (Figure 59-19). Stretching the vaginal ring to accommodate passage of the testis may not be necessary if the stallion is immature. Usually though, the vaginal ring must be stretched to allow passage of the testis, and this is accomplished by inserting a finger through the incision in the vaginal process and through the vaginal ring. The finger is inserted through the vaginal ring to the level of the second joint, and by flexing the
 
 plt t
 
 ct
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 Figure 59-18.  Cryptorchid testis. b, Body of epididymis; cle, caudal ligament of the epididymis; ct, cryptorchid testis; d, ductus deferens; h, head of epididymis; plt, proper ligament of the testis; pt, parietal tunic; t, tail of epididymis; tv, testicular vessels.
 
 finger, the ring is dilated. The vaginal ring of a mature stallion is usually much more difficult to dilate than that of an immature stallion. Rarely, the vascular pedicle of the testis is so short that placing an emasculator proximal to the testis and epididymis is impossible. The cord must then be crushed and transected using an écraseur or severed with scissors after occluding the testicular vasculature with one or two ligatures. The contralateral testis is then removed, and the skin incision is sutured or left to heal by secondary intention. PREVENTING EVISCERATION The vaginal ring should be repalpated after the abdominal testis is removed. If the ring accommodates no more than the tips of the index and middle fingers, the horse can be recovered, and unrestricted activity can be safely allowed after several days. If the ring has been dilated beyond this diameter, one of two measures must be taken to prevent evisceration. To prevent evisceration, the inguinal canal can be packed to the level of the vaginal ring with sterile gauze for 24 to 36 hours. The pack is maintained in the canal by partially suturing the skin incision. Evisceration may follow removal of the pack, especially if gauze was inadvertently inserted through the vaginal ring into the abdomen. Not only does gauze in the abdomen prevent the vaginal ring from contracting but it also becomes adhered to viscera. Evisceration can be prevented by palpating the vaginal ring per rectum after the pack is inserted and before it is removed to ensure that gauze did not enter the abdomen. After the pack is removed, the horse’s activity should be restricted to handwalking for several days before forced exercise is imposed. Jumping, cantering, and galloping should not be allowed for 3 weeks. Although the deep inguinal ring is inaccessible for suturing, the superficial inguinal ring can be closed with an interrupted or continuous pattern of heavy, absorbable suture to prevent evisceration. A half-circle, hernia, or kidney needle should be used to suture the inguinal ring. These are heavy, eyed needles with blunt ends, and they are difficult to break. Using a looped suture allows the needle to be pulled through the loop after the first bite, preventing the necessity of tying a knot before proceeding with the continuous suture pattern, and allows the ring to be closed with a doubled strand of suture. Not only does suturing the superficial inguinal ring provide better security against evisceration than does packing the canal with gauze, but it also allows primary closure of the inguinal fascia and skin. Although viscera can enter the inguinal canal, incarceration of intestine by the vaginal ring has not been reported. Inguinal fascia and skin can be sutured after closure of the superficial inguinal ring or allowed to heal by secondary intention. Activity should be restricted to hand-walking for several days before forced exercise is imposed. Heavy exercise should not be allowed for 3 weeks after surgery. Parainguinal Approach
 
 Figure 59-19.  With traction on the proper ligament of the testis, the testis is pulled through the vaginal ring.
 
 If the vaginal process cannot be located using the previously described techniques, the testis can be removed noninvasively by converting the inguinal approach to a parainguinal approach.167 A 4-cm incision is made in the aponeurosis of the external abdominal oblique muscle, 1 to 2 cm medial and parallel to the superficial inguinal ring (Figure 59-20). The incision is centered over the cranial aspect of the ring. The internal
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 Figure 59-21.  Parainguinal approach to cryptorchidectomy. The vaginal Figure 59-20.  Parainguinal approach to cryptorchidectomy. A 4-cm incision is made in the aponeurosis of the external abdominal oblique muscle 1 to 2 cm medial and parallel to the superficial inguinal ring. The incision is centered over the cranial aspect of the ring.
 
 abdominal oblique muscle underlying the aponeurosis is spread in the direction of its fibers, and the peritoneum is penetrated with a sharp thrust of the index and middle fingers. The vaginal ring is palpated caudolateral to the point of entry into the abdomen (Figure 59-21). The epididymis, ductus deferens, and gubernaculum are situated near the ring, and by sweeping the region with index and middle fingers, one of these structures can be grasped between them and exteriorized. The body of the epididymis is followed to the tail. Traction on the proper ligament of testis pulls the testis through the incision. If difficulty is encountered in locating the epididymis or associated structures, or if exteriorizing the testis is difficult, the incision can be enlarged to accommodate a hand. After excising the testis, the incision in the aponeurosis of the external abdominal oblique muscle is apposed using heavy absorbable sutures in an interrupted or continuous pattern. The subcutaneous tissue and skin can be sutured or left unapposed to heal by secondary intention. The horse can receive exercise after surgery, excluding cantering and galloping, provided that the parainguinal incision was short enough that it could accommodate only several fingers. Unrestricted activity is allowed 3 weeks after surgery.167 The parainguinal approach is preferred over the inguinal approach by some surgeons because the vaginal ring is not disrupted.167 The aponeurosis of the external abdominal oblique muscle is more easily sutured than the superficial inguinal ring. Suprapubic Paramedian Approach For the suprapubic paramedian approach, an 8- to 15-cm, longitudinal skin incision is made 5 to 10 cm lateral to the ventral midline.168-170 The incision begins at the level of the preputial orifice and extends caudally. The large subcutaneous vessels
 
 ring is palpated caudolateral to the point of entry into the abdomen. Either the epididymis, gubernaculum, or ductus deferens is located at the vaginal ring and exteriorized.
 
 encountered caudally in the incision are ligated. The abdominal tunic and the closely adherent ventral sheath of the rectus abdominis muscle are incised longitudinally, and the underlying fibers of the rectus abdominis muscle are bluntly separated in the same direction. The dorsal rectus sheath, retroperitoneal fat, and peritoneum are penetrated with a finger. The perforation is bluntly enlarged, and a hand is introduced into the abdomen. The testis is usually encountered near the vaginal ring. If the testis cannot be palpated, accessory structures at the vaginal ring can be located and followed to the testis, or the ductus deferens can be found in the genital fold of the bladder and traced to the testis. Both testes of a bilateral cryptorchid can be removed through one incision, but the contralateral testis is difficult to exteriorize, and its cord usually must be transected with an écraseur. After removing the testis, the abdominal tunic, the subcutis, and skin are each closed separately with interrupted or continuous sutures. Flank Approach For the flank approach, a 10- to 15-cm incision is made through the skin and subcutis in the paralumbar fossa of the affected side with the horse standing or recumbent.171 In a standing horse, the incision site must be anesthetized before the surgery. The external abdominal oblique muscle is transected in the direction of the skin incision, and the peritoneum is exposed by splitting the internal abdominal oblique and transversus abdominis muscles in the direction of their fibers. The peritoneum and retroperitoneal fat are perforated with a finger to enter the abdomen. The testis is located and exteriorized as described for the paramedian approach. If the testis cannot be exteriorized, an écraseur is used to transect the testicular vasculature. After the abdominal testis is removed, the internal and
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 external abdominal oblique muscles, subcutis, and skin are each closed separately with interrupted or continuous sutures. Closing the peritoneum and transversus abdominis muscle is difficult and not necessary. Selection of Approach The paramedian and flank approaches allow removal of only an abdominal testis, because retraction of an inguinal testis into the abdomen can usually be accomplished only with difficulty. Abdominal testicular retention should be confirmed before either of these approaches is used, but often the testicular location cannot be determined reliably. The inguinal approach allows removal of either an abdominal or an inguinal testis. Because an inguinal testis is quickly encountered using an inguinal approach, prior determination of testicular location is not necessary. If the testis is not encountered in the inguinal canal using an inguinal approach, the testis can be removed from the abdomen noninvasively through the vaginal ring or through a small parainguinal incision in the abdominal musculature. Because the inguinal and parainguinal approaches allow removal of an abdominal testis through a finger-sized abdominal perforation, surgery is rapid, and convalescence is short. The lengthy incision required for the suprapubic paramedian and flank approach prolongs surgery and convalescence. The paramedian approach also increases the risk of postoperative evisceration or herniation. Rarely, an invasive approach is necessary to remove a large, neoplastic, abdominal testis. An abdominal testis can be removed with the horse standing using a flank approach, when general anesthesia is not practical. Laparoscopic Technique of Cryptorchidectomy An abdominal testis can be removed laparoscopically with the horse standing or recumbent, but fractious stallions should be anesthetized. Food should be withheld for at least 12 hours before surgery to allow the colon to empty, to decrease the risk of penetrating a viscus when instruments are introduced and to optimize visualization of intra-abdominal structures.172-174 To perform laparoscopic removal of an abdominal testis with the horse standing, the horse is restrained in a stock and sedated.172-175 The flank region is prepared for aseptic surgery, and proposed sites for inserting the laparoscope and grasping forceps are infiltrated subcutaneously and intramuscularly with a local anesthetic agent. The surgical approach is identical to the one described for laparoscopic castration (see “Laparoscopic Castration,” earlier). The testis is located by inspecting the region surrounding the vaginal ring. The vaginal ring and associated structures are easier to see when the horse is standing than when it is anesthetized and recumbent, because the abdominal contents fall away from the inguinal area. The contralateral vaginal ring can be observed by manipulating the laparoscope under the descending colon, or by passing the laparoscope through a small perforation created in the mesocolon of the descending colon, or by elevating the descending colon, either with an instrument placed through an abdominal portal or with a hand per rectum.176 The mesorchium, which contains the testicular vasculature, can be seen coursing caudad from the area of the kidney to the area of the deep inguinal ring. An abdominal testis can be observed to lie anywhere between the kidney and the vaginal ring,161 but most commonly it is located cranioventral to the ring. The testis
 
 is attached to the tail of the epididymis by the proper ligament of the testis, and the epididymis is attached to the vaginal ring and sac by the caudal ligament of the epididymis (ligament of the tail of the epididymis). The testis and mesorchium are desensitized by injecting a local anesthetic agent into the mesorchium or the testis, using a 30-cm, 18-gauge needle introduced through the flank.172 Infiltrating the testis with a local anesthetic agent instilled at one site is technically easier than injecting the thin mesorchium in several sites, and the analgesia provided is similar.177 Desensitizing the testis and mesorchium may not be necessary, especially if caudal epidural anesthesia, using either a combination of 2% mepivacaine (5 mL) and xylazine (0.18 mg/kg), or xylazine (0.18 mg/kg) diluted to 10 to 15 mL with physiologic saline solution, is administered before surgery.176 An instrument portal close to the vaginal ring is created caudal and ventral to the laparoscopic portal.172-175 The testis is grasped and exteriorized using grasping forceps inserted through this portal. If triangulation is inadequate, a new portal for the laparoscope can be created between the last two ribs using laparoscopic control.178 The testicular vessels and ductus deferens are ligated and cut, or crushed and transected using an emasculator, and the stump is returned to the abdomen and inspected through the laparoscope for hemorrhage. If the contralateral testis is also located abdominally, the laparoscopic procedure is repeated on the contralateral side. The abdomen is decompressed by opening the cannula. The abdominal fascia and skin are sutured. The testicular vessels and ductus deferens of an abdominal testis can also be transected intra-abdominally, with the horse standing, before removing the testis.176 This technique requires the use of a third portal, created close to the other portals, to introduce instruments used to occlude and transect the testicular vasculature and ductus deferens. Vessel-sealing devices, such as the LigaSure (see Figure 13-13) or SurgRx EnSeal (see Figure 13-14), are ideal for severing and sealing the spermatic cord intra-abdominally. The use of a morcellator to mince the abdominal testis prevents the necessity of enlarging an incision to exteriorize a large testis.179 The scrotal testis of a unilateral cryptorchid or an inguinal testis is removed through a scrotal incision, or its ductus deferens and vasculature can be ligated and severed intra-abdominally or severed with a vessel-sealing device (see earlier), which causes the testis to atrophy in the scrotum or inguinal canal.161 Palpable but nonfunctional remnants of the testis may be detectable in the scrotum several months after the testis is destroyed by ligation of the testicular artery and vein. A scrotal testis of a juvenile stallion or an inguinal testis can be retracted into the abdomen for intra-abdominal transection of the ductus deferens and testicular vessels. The testis is retracted into the abdomen by placing traction on the mesorchium, after enlarging the vaginal ring with scissors. Retracting the testis into the abdomen inverts the vaginal tunic into the abdomen, and the exposed ligament of the tail of the epididymis, which attaches the vaginal tunic to the tail of the epididymis, is severed. The incision in the vaginal ring can be closed with staples or left open.161,180 To perform laparoscopic removal of an abdominal testis with the horse anesthetized, the horse is positioned in dorsal recumbency.172-175,180 After the ventral aspect of the abdomen is prepared for aseptic surgery, a stab incision is made through the umbilicus, and through this incision, the abdomen is insufflated to 10 to 15 mm Hg, as described earlier. A laparoscopic sleeve with a trocar is inserted through the incision into the
 
 abdominal cavity. The trocar is removed and replaced with a laparoscope. The horse is tipped into the Trendelenburg position (i.e., head down approximately 30 degrees) to displace the viscera craniad (see Figure 13-16),172-175,180 and the laparoscope is directed caudad to view the inguinal areas. Because the hindquarters are elevated, positive-pressure ventilation is necessary. If the testis is not readily visible, it can be located by following the ductus deferens cranially over the lateral ligament of the bladder to the inguinal ring. Traction on the ductus deferens elevates the testis into view. The testis can be removed before occluding and transecting the testicular vessels and ductus deferens,172-175 or the testicular vessels and ductus deferens can be occluded and transected intra-abdominally before the testis is removed.172-175,180 If the testis is to be exteriorized before transecting the testicular vessels and ductus deferens, the instrument portal is created 4 cm cranial and axial to the superficial inguinal ring, on the side of testicular retention. The testis is exteriorized using a grasping forceps introduced into the abdomen through this incision.172-175 The exteriorized testicular vessels and ductus deferens are ligated and cut or are crushed and transected using an emasculator, and the stump is returned to the abdomen. Both testes of a horse with bilateral, abdominal, testicular retention can be viewed from one portal, but a portal must be created cranial and axial to each inguinal ring to remove each testis. The abdomen is deflated through the laparoscopic cannula, and the portals are closed by suturing the external lamina of the rectus abdominis muscle, the subcutaneous tissue, and skin. To occlude and transect the testicular vessels and ductus deferens intra-abdominally with the horse anesthetized and positioned in dorsal recumbency, a grasping forceps for manipulating the testis is introduced through a cannula inserted 8 to 10 cm axial and cranial to the superficial inguinal ring.180 A third instrument portal is created at the cranial, abaxial edge of the sheath to introduce instruments used to occlude and transect the testicular vasculature and ductus deferens. The testicular vessels and ductus deferens can be occluded using an endoscopic clip or an endoscopic ligating loop and transected using an endoscopic scissor. Ligating the pedicle is generally the most economical method of providing hemostasis, but intra-abdominal ligation requires more experience than does the use of other methods to provide hemostasis. Severing the testicular vessels and ductus deferens with monopolar or bipolar electrocoagulation alone provides adequate control of hemostasis.181 The risk of accidental thermal injury to adjacent viscera is far greater when using monopolar electrocoagulation than when using bipolar electrocoagulation. Alternatively, vessel-sealing devices, such as LigaSure (see Figure 13-13) or EnSeal SurgRx (see Figure 13-14), can be used to coagulate and sever the testicular vessels and ductus deferens (see Chapter 13). Vessels can also be occluded and transected using an endo-GIA stapler (Endo-GIA 30).180 After the attachments to the testis have been transected, the testis is removed from the abdomen by expanding the skin incision over the portal through which the grasping forceps was introduced. Placing the testis in a retrieval bag facilitates exteriorization of the testis and eliminates the risk of dropping it in the abdomen.181 The testis can also be removed using a morcellator, which minces the tissue, allowing it to be removed by suction through one of the cannulas inserted during the surgery, thus avoiding the necessity of enlarging an incision to exteriorize the testis.179
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 An advantage of intra-abdominal transection over extraabdominal transection is that with intra-abdominal transection, the severed stump of the vasculature can be inspected before the testis is removed from the abdomen. Exteriorizing a testis causes loss of insufflation, which impairs visibility. A hemorrhaging stump is more easily noted and ligated when the abdomen is still inflated. Insufflation of the abdomen can be preserved during bilateral cryptorchidectomy by occluding and transecting the ductus deferens and vessels of each testis before either testis is removed from the abdomen. In a study in which the abdominal testis of 123 cryptorchid horses was not removed after ligating the spermatic cord at two sites, the entire testis became completely necrotic and incapable of production of testosterone,20 indicating that removal of the abdominal testis is not necessary after its blood supply has been completely interrupted. Laparoscopic cryptorchidectomy simplifies locating the cryptorchid testis, prevents disruption of the vaginal ring, which minimizes the likelihood of evisceration, and permits early return to exercise because the incisions are small.172-175,182 Laparoscopy may be particularly useful in evaluating a horse that displays stallionlike behavior but has the appearance of a gelding, especially when the presence or absence of testicular tissue cannot be determined conclusively by hormonal assay.174 Laparoscopy is also useful for removing an abdominal testis when the side of the testicular retention is not known. A disadvantage of laparoscopic cryptorchidectomy is the expense of the equipment.172-174 A viscus, a large vessel, or the spleen can be penetrated inadvertently if the instruments are not inserted carefully into the abdomen.183,184 Improper use of electrosurgical coagulation during the procedure may also result in perforation of a viscus.180 If the procedure is performed with the horse anesthetized, the hindquarters must be elevated to displace the viscera craniad, making positive-pressure ventilation necessary. Familiarity with laparoscopic equipment and experience in laparoscopic techniques are required.
 
 Repair of Inguinal Hernias and Ruptures Nonsurgical Management The majority of inguinal hernias are congenital, cause no distress, and spontaneously reduce by the time the foal is 3 to 6 months old.58,185 Repeated manual repositioning of the herniated viscera may encourage spontaneous reduction, and applying a truss after manually reducing the hernia may speed resolution.91 To apply a truss, the foal is sedated and positioned in dorsal recumbency. The hernia is reduced, and the superficial inguinal ring is packed with rolled cotton. The cotton is maintained within the ring with elastic gauze and tape wrapped over the back and over both inguinal rings in a figure-of-eight (Figure 59-22). The bandage can be left in place for up to a week. Surgical reduction of a congenital inguinal hernia is not necessary unless contents of the hernia become incarcerated or unless the hernia fails to regress. Horses with an acquired inguinal hernia, a ruptured inguinal hernia, or an inguinal rupture usually require immediate treatment, because the intestine that has escaped through the vaginal ring or hole in the peritoneum is likely to become strangulated. Nonsurgical reduction of inguinal hernias by external manipulation or rectal traction can be attempted if herniation is diagnosed soon after the onset of signs.185 Nonsurgical reduction should not be attempted if the viability of the incarcerated
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 Figure 59-22.  Application of a truss after manual reduction of a congenital hernia.
 
 intestine is in doubt or if ruptured inguinal herniation or inguinal rupture is suspected. To replace hernial contents into the abdomen by external manipulation, the horse is sedated, and the testis of the affected side is grasped and pulled downward so that the vaginal sac is tensed into a rigid, tubelike configuration.185 With the second hand, the cord is grasped above the testis and slid proximad until herniated intestine is encountered. The second hand maintains traction on the cord and prevents herniated intestine from slipping downward. The first hand releases the testis and grasps and squeezes the cord above the second hand to force the contents of the hernia proximad. The hands are alternated in this manner until the intestine has been returned through the vaginal ring into the abdomen. If reduction by external manipulation fails, it may be possible to retract the herniated loop of intestine into the abdomen by grasping the loop per rectum as it enters the vaginal ring and applying traction.185,186 The horse should be sedated, and an epidural anesthetic should be administered to minimize the risk of rectal injury or damage to incarcerated intestine. Administering scopolamine butylbromide (Buscopan) to relax the rectum may be helpful. The horse should be observed closely after nonsurgical reduction of an inguinal hernia, because the health of the reduced intestine cannot be assessed directly. Intestinal viability should be monitored periodically by ultrasonographically imaging intestine or by evaluating the horse’s peritoneal fluid. Surgical Management A congenital inguinal hernia of a foal should be reduced surgically if the hernia cannot be reduced, has escaped into
 
 subcutaneous tissue through a rent in the vaginal sac, fails to resolve or enlarges, or is so large that spontaneous resolution is unlikely.187 To surgically correct inguinal herniation, the foal is anesthetized and positioned in dorsal recumbency. An incision is made directly over the superficial inguinal ring of the affected side, and the vaginal sac is isolated from surrounding fascia using blunt dissection. The scrotal ligament, which attaches the vaginal sac to the scrotum, is transected. While applying traction to the testis, the intestinal contents of the vaginal sac are milked back into the abdomen. Twisting the spermatic cord may facilitate replacement of intestine into the abdomen. The cord is ligated and resected proximal to the superficial inguinal ring. Ligating the cord prevents reherniation, but for added security, the superficial inguinal ring can be closed with absorbable suture placed in a continuous or interrupted pattern. The skin and subcutaneous tissue can be left open to heal by secondary intention or closed primarily. Nonstrangulating congenital inguinal hernias of foals can be corrected laparoscopically.187-189 The contents of the hernia are reduced into the abdominal cavity laparoscopically, with the foal anesthetized, and the testis of the affected side is retracted from the vaginal cavity into the abdominal cavity and removed, after ligating and transecting the testicular vessels and ductus deferens. The deep inguinal ring and the vaginal ring are closed using a laparoscopic stapling device or sutures. Closing the deep inguinal ring and the vaginal ring with sutures provides a more secure closure than with staples, because a larger volume of tissue can be incorporated into the closure.189 The testis of the nonaffected side can also be removed in this manner. Nonstrangulating congenital inguinal hernias can be corrected using a similar laparoscopic technique without removing the testes.187 Advantages of laparoscopic herniorrhaphy over open herniorrhaphy are the quickness of the procedure, the little postoperative swelling, and the rapid return of the foal to normal activity. Emergency surgery is usually indicated for horses with an inguinal rupture or a ruptured inguinal hernia and for horses with an acute inguinal hernia that cannot be reduced by nonsurgical manipulation. Surgical correction of inguinal hernias is always indicated if viability of the testis or incarcerated intestine is questionable, because surgery allows these structures to be assessed visually. Fluids should be administered intravenously in volumes sufficient to combat shock. The horse should be positioned in dorsal recumbency, and the ventral aspect of the abdomen and inguinal area should be prepared for aseptic surgery. The vaginal sac and its contents are exposed and isolated by blunt dissection through an incision created over the superficial inguinal ring. The vaginal sac is opened to expose its hernial contents and the testis. Devitalized intestine may be resected at the inguinal wound, but resection and anastomosis are usually more easily accomplished through a celiotomy. Dilating the vaginal ring and applying traction to the intestine through a ventral midline, paramedian, or parainguinal celiotomy may assist reduction of the herniated intestine. The affected testis should be removed if it appears nonviable or even if its viability is questionable. If the testis is removed, reherniation through the inguinal canal can be prevented by ligating the spermatic cord and the vaginal tunic as proximally as possible with absorbable suture. For additional security, the inguinal canal can be packed with gauze for 24 to 48 hours, or the superficial inguinal ring can be
 
 closed with heavy absorbable suture. Suturing the superficial inguinal ring gives greater security against reherniation than does packing the inguinal canal. The inguinal fascia and skin can be closed primarily or left unsutured to heal by secondary intention. The celiotomy is closed in routine fashion. Reherniation through the inguinal canal can be prevented, while at the same time trying to preserve a viable testis, by partially suturing the superficial inguinal ring around the spermatic cord.190 Suturing starts at the cranial aspect of the ring and ends near the middle of the ring to give a snug, but not tight, closure around the spermatic cord. Difficulty arises in closing the ring adequately to prevent reherniation while still maintaining blood supply to the testis. A more certain method of salvaging the testis is laparoscopic inguinal herniorrhaphy. One method of laparoscopic inguinal herniorrhaphy entails implanting a polypropylene mesh beneath the peritoneum over the deep inguinal ring and the ductus deferens and testicular vessels that enter it, with the horse anesthetized and in the Trendelenburg position.186 Another laparoscopic technique used to prevent viscera from entering the vaginal ring of a stallion is to cover the vaginal ring with a peritoneal flap using a technique referred to as peritoneal flap hernioplasty.191 With the horse anesthetized, peritoneum ventrolateral to the vaginal ring is transected on three sides, separated from underlying muscle, inverted, transposed over the vaginal ring, and attached dorsomedially and laterally to the abdominal wall using sutures or staples. A less-sophisticated technique of laparoscopic inguinal herniorrhaphy involves inserting a coiled polypropylene mesh through the enlarged vaginal ring into the inguinal canal.192 The coiled mesh is pushed into the inguinal canal until the proximal edge of the mesh is distal to the vaginal ring and then allowed to uncoil. The mesh is fixed to the inguinal canal with endoscopic staples. Fibrous reaction to the mesh obliterates the canal, preventing intestine from entering it. The procedure can be performed with the horse standing. Infertility of men, sometimes accompanied by atrophy of the testis, has been reported after inguinal hernioplasty.193 Infertility is presumably caused by ischemic orchitis because of impaired blood supply, or it may be due to an immunological response.
 
 SPECIAL CONSIDERATIONS Hemicastration Fertility is maintained after hemicastration of normal horses. Testes undergo compensatory hypertrophy after hemicastration in response to increased secretion of interstitial cell–stimulating hormone from the hypophysis.194 A hydrocele, neoplasia, or orchitis of one testis can cause temperature-induced dysfunction of spermatogenesis of the other testis, but removing the diseased testis may allow the remaining testis to regain normal spermatogenesis.87 Postponing removal of the diseased testis can result in permanent dysfunction of the nondiseased testis. The descended testis of a cryptorchid should never be removed without first removing the nondescended testis. Failure to find and remove the nondescended testis after the descended testis has been removed enables an unscrupulous owner to fraudulently represent the horse as a gelding and may complicate subsequent surgery, especially if there is no written record of which testis was removed. This significantly increases the cost of cryptorchidectomy.195 In one study, 8 of 16 unilaterally castrated horses were described as geldings when they were
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 purchased by the owner.195 Compensatory hypertrophy of the nondescended testis occurs after hemicastration and may complicate removal of an abdominal testis.18 Removing the descended testis has been advocated to promote descent of the cryptorchid testis,196 but descent of an abdominal testis becomes impossible within several weeks after birth.16,197 There is no proof that hemicastration actually results in descent of an inguinal testis. An inguinally retained testis is located easily during inguinal exploration and should be removed along with the descended testis.
 
 Hormonally Induced Testicular Descent Undescended inguinal testes of boys have been fixed in scrotal position (orchidopexy or orchiopexy) using sutures,198 but because cryptorchidism of horses may be hereditary, bringing about descent of an inguinal testis by surgical means is considered by most practitioners to be disreputable. There is good evidence that an impaired hypothalamic-pituitary-gonadal axis, which leads to insufficient production of testosterone and dihydrotestosterone, is the main cause of cryptorchidism in boys, and so boys with one or more cryptorchid testes have been successfully treated using GnRH, hCG or LHRH.40,199 Because testicular descent is hormonally controlled, treatment of a horse for cryptorchidism with hormones would seem to be an attractive mode of therapy, but factors responsible for testicular descent in horses are still obscure, and no specific therapy has been developed to correct the hormonal defect responsible for testicular retention. GnRH and hCG have been administered separately and in combination to horses to bring about testicular descent, but conclusive evidence of efficacy is lacking.200 Treatment of eight colts, each of which had an inguinally located testis, with 2500 mg hCG twice weekly for 4 weeks, however, was thought to facilitate descent of the inguinal testis of four of the eight colts.201 If a cryptorchid testis of a human descends into the scrotum or is surgically placed in the scrotum, degenerative changes within the testis can reverse so that the testis becomes capable of producing sperm; but for degenerative changes to reverse, the cryptorchid testis must enter the scrotum while the child is very young.202 The optimal time to effect descent of a cryptorchid testis in cryptorchid boys is within 2 years after birth, because after this time, the abnormally warm environment of the undescended testis may irreparably damage the seminiferous tubules.203 Biopsy of nondescended testes of cryptorchid boys, performed at the time of orchiopexy showed that the concentration of germ cells decreases overtime, beginning as early as 1 year of age.204 In horses, the age at which a cryptorchid testis must descend into the scrotum to contribute to fertility has not been determined. After the first few weeks of neonatal life, the vaginal rings contract, reducing the likelihood of descent of an abdominal testis.16 Hormonal therapy, therefore, is likely to have no effect on descent of an abdominal testis. Testicular growth, brought about by onset of puberty, may bring about descent of an inguinal testis,18 and this supports the rationale for administration of GnRH or hCG. The effect of exogenous hormones on descent of inguinal testes, however, is unclear. Because genetic studies of equine cryptorchidism indicate that testicular retention is probably hereditary, hormonal therapy to bring about testicular descent is no more ethical than surgically placing the testis in the scrotum.
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 POSTOPERATIVE COMPLICATIONS Complications associated with castration are a common cause of malpractice claims against North American equine practitioners.205 To avoid complications, the practitioner should have a good understanding of male reproductive anatomy and of the various techniques of orchidectomy. The practitioner also should be able to recognize and resolve complications of castration.
 
 Hemorrhage Excessive hemorrhage is usually the result of an emasculator that is improperly applied or is in imperfect working order. Reversing the emasculator (i.e., placing the cutting edge toward the abdomen) usually results in severe hemorrhage, because the cord is crushed distal to the site of transection. The emasculator should be applied perpendicular to the cord, because transection of the cord other than at a right angle increases the diameter of the severed ends of the testicular vessels. The blade of the emasculator should not be so sharp that the testicular vessels are severed before they are crushed properly. A blade that is too sharp can be dulled by using it several times to cut rope.190 The testicular vessels may be insufficiently crushed if scrotal skin is inadvertently included in the emasculator’s jaws. The thick cords of a mature stallion may require double application of the emasculator to sufficiently crush the vessels. Using this technique, the parietal tunic and cremaster muscle are crushed and transected separately from the testicular vessels and ductus deferens. A ligature placed around the entire spermatic cord or around the testicular vessels alone can be used alone, or in conjunction with an emasculator, to prevent hemorrhage. Although a ligature, with or without an emasculator, may be more effective than the emasculator alone in preventing hemorrhage, the use of a ligature may increase the incidence of infection at the surgery site.149 The increase in risk of infection associated with the use of a ligature is likely the result of reduced resistance of tissue contaminated with bacteria to infection in the presence of foreign material, especially if a nonabsorbable suture is used. Dripping of blood from the wound for several minutes after emasculation is expected and should cause no concern. Unabated streaming of blood for 15 to 30 minutes is a signal for alarm. The testicular artery is the usual source of severe hemorrhage.21 Because testicular veins are valved, hemorrhage from these vessels is usually mild. Hemorrhage from scrotal vessels is usually not serious and soon ceases spontaneously. If, after allowing the horse to stand quietly for 15 to 30 minutes, hemorrhage does not diminish, the end of the cord can be grasped, using fingers, and stretched to allow application of a crushing forceps or an emasculator. A crushing forceps with curved jaws, such as a kidney clamp, is easier to apply and maintain in position than a straight forceps. If the horse was castrated while standing, the end of the cord is likely to still be desensitized, and the forceps or emasculator can usually be applied without causing serious discomfort to the horse. The forceps is removed the next day. If the horse was castrated while recumbent, the cord is not desensitized (unless the testes were infiltrated with local anesthetic solution before they were removed), so to safely grasp and crush the end of the cord, the horse may need to be reanesthetized.
 
 If the end of the cord is inaccessible through the scrotal incision, hemorrhage can be stopped by ligating the testicular vessels intra-abdominally using the procedure described for laparoscopic castration.206,207 Laparoscopic surgery to stop hemorrhage after castration can be performed with the horse standing or anesthetized and positioned in dorsal recumbency. The testicular artery can be coagulated using electrocoagulation or occluded with a laparoscopic suture loop or a vascular clip. If the end of the cord is inaccessible, and if intra-abdominal ligation of the testicular vessels using laparoscopy is not an option, sterile gauze can be packed tightly into the inguinal canal and scrotum, and the scrotum can be closed with sutures or towel clamps. The pack is removed the next day. Ten percent formalin (i.e., a 4% aqueous solution of formaldehyde gas created by diluting a 37% to 40% solution of formaldehyde gas with 9 parts of water) has been used with questionable success to stop hemorrhage. In one study, 8 to 16 mL of 4% to 12% formalin administered intravenously to average-sized horses decreased the time of coagulation by 67% for 24 hours.208 Another study, however, found that 0.37% formaldehyde solution administered intravenously did not appear to enhance primary or secondary hemostasis.209 Formaldehyde solution is pyrogenic and accelerates pulse and respiration.208 Other side effects include restlessness, lacrimation, salivation, elevation of the tail, nasal discharge, increased peristalsis with frequent defecation, sweating, quivering of muscles, signs of severe abdominal pain, and tenesmus. Physical reaction is minimal when 10 mL of 4% formaldehyde solution (i.e., 10% formalin), diluted in a liter or more of isotonic saline solution, is administered intravenously. I have observed dramatic reduction of hemorrhage, with no clinically apparent side effects, within minutes after intravenously administering this amount, but convincing scientific evidence of the safety and efficacy of a formaldehyde solution in reducing hemorrhage is lacking.
 
 Evisceration An uncommon but potentially fatal complication of castration is evisceration through the vaginal ring and open scrotal incision. A survey of practitioners (performed to determine the type and frequency of complications that occur after castration) reported the incidence of evisceration after castration to be about 0.2%.149 Horses that eviscerate after castration may have a preexisting, unapparent, congenital, inguinal hernia.62 Most unapparent inguinal hernias resolve by the time the horse is 3 to 6 months old,187 so horses castrated before they are 6 months old may be at greater risk of eviscerating after castration than are horses castrated after they are 6 months old. Standardbreds and draft horses may be more frequently affected by postoperative evisceration, because they have a higher incidence of congenital inguinal herniation.64,149 Based on anecdotal evidence and unpublished data, Tennessee Walking Horses and American Saddlebreds may also have a higher incidence of congenital inguinal herniation and so may be predisposed to evisceration after castration.210 To decrease the likelihood of evisceration after castration, the horse’s inguinal area should be palpated for the presence of an inguinal hernia before the horse is castrated, and the owner should be questioned as to whether the horse suffered from a congenital inguinal hernia as a foal. If the horse has or has had an inguinal hernia, is less than 6 months old, or is a member
 
 of a breed that has an increased incidence of inguinal herniation, the surgeon should consider taking measures to prevent evisceration. Some clinicians examine the vaginal rings per rectum before castrating a horse deemed to be at risk for evisceration because of its breed.211 The vaginal ring of stallions is normally large enough to accommodate the tip of one finger. According to some clinicians, precautions to prevent evisceration should be taken if a vaginal ring is larger than two fingers. The risk of rectal injury should be weighed against the value of the diagnostic information to be gained before examining the vaginal rings per rectum. For horses that have a higher than normal risk for evisceration, castration should be performed with the horse anesthetized. The testes should be removed using a closed technique, and the spermatic cord should be ligated. The cremaster muscle should be isolated from the cord before the cord is ligated, so that it is not included in the ligature. Including the cremaster muscle in the ligature could cause the ligature to loosen when the cremaster muscle contracts. The closed technique of castration does not diminish the incidence of evisceration unless a ligature is applied to the cord proximal to the site of transection.64 Evisceration usually occurs within 4 hours after castration and may be precipitated by attempts to rise from anesthesia.62,212 Evisceration has occurred up to 6 days after castration,62 and one horse was reported to have herniated into its sutured scrotum and vaginal cavity 12 days after castration.213 After intestine enters the canal, peristalsis encourages further protrusion, and intestinal strangulation accompanied by severe signs of colic rapidly ensues. Treatment of a horse that has eviscerated through the inguinal canal is similar to emergency treatment of horses with acquired inguinal herniation. If evisceration occurs, the protruding intestines should be collected in a clean sheet and tied over the back of the horse to prevent the horse stepping on the intestines. The horse should be transported immediately to a hospital equipped with surgical facilities. The horse should be anesthetized immediately to prevent contamination of and damage to the herniated intestine. Torn mesentery should be repaired, and the intestine should be meticulously cleaned, copiously irrigated, and replaced into the abdomen as rapidly as possible to avoid ischemic damage. Dilating the vaginal ring and applying traction to the intestine through a celiotomy may assist reduction of the intestine. Parenteral antimicrobial therapy should be initiated, and peritoneal fluid should be examined postoperatively if the horse displays signs of septic peritonitis. Factors that negatively influence survival include the amount of intestine that has protruded through the vaginal ring and whether intestinal resection and anastomosis were required.214 Protrusion of greater omentum through the scrotal incision after castration causes no immediate distress to the horse and need not be considered a dire emergency (Figure 59-23). The horse should be examined per rectum to determine the size of the vaginal ring and to confirm that intestine has not entered the inguinal canal. Exposed omentum is transected as proximally as possible using an emasculator. This can usually be accomplished with the horse standing. To prevent further protrusion of omentum, the horse should be forced to stand in a stall for 48 hours. Suturing the superficial inguinal ring or packing the inguinal canal and scrotum gives additional security against evisceration but is not always necessary, because omentum occupying the vaginal ring prevents intestine from
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 Figure 59-23.  Protrusion of greater omentum through the scrotal incision after castration.
 
 entering the canal. If omentum continues to exit the scrotal incision, the superficial inguinal ring should be sutured.
 
 Edema Preputial and scrotal edema develops after nearly every castration and is generally greatest around the fourth postoperative day.21 Excessive edema, reported to be the most common complication of castration,149 can usually be avoided by removing a generous portion of the scrotum during castration and by vigorously exercising the horse for several weeks to promote drainage from the open wound. Without vigorous exercise, the scrotal skin may seal and trap fluid containing bacteria or inflammatory products within the scrotal cavity. Excessive edema can usually be relieved by opening the sealed wound with scrotal massage or by inserting a gloved finger into the scrotal cavity and enforcing vigorous exercise. High-pressure lavage of the scrotal wound with tap water administered using a garden hose may assist in keeping the wound open and clean, but a survey of practitioners (performed to determine the type and frequency of complications that occur after castration) indicated that horses that receive hydrotherapy after castration may be more prone to develop excessive swelling and infection of the scrotum.149
 
 Signs of Colic In one study of 238 horses castrated per primam, 8.8% displayed transient signs of colic interpreted to be caused by postoperative pain.157 Horses older than 10 years were significantly more likely than horses younger than 5 years to display signs of colic. A horse that displays signs of colic after castration and that fails to respond favorably to administration of an analgesic drug should be examined to ensure that signs of pain are the result of castration and are not caused by intestinal pain.
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 Lameness Occasionally, a horse is presented for lameness examination with a history of having developed the lameness within several weeks after castration.215 Palpation of the inguinal region on the side of lameness may reveal abnormally firm tissue in the region of the surgical scar, and examination of the abdomen, performed per rectum, may reveal swelling of the abdominal wall in the area of the vaginal ring of the affected side. Resection of the stump of the cord proximal to the abnormal portion of the cord resolves the problem.
 
 Septic Funiculitis A scrotal wound, like any other wound left unsutured to heal by secondary intention, becomes contaminated and may subsequently become infected. The infection remains confined to the scrotal cavity as long as the scrotal incision remains open and draining, and it resolves as the scrotum heals. Septic funiculitis, or infection of the spermatic cord, can occur from extension of the scrotal infection, especially if the scrotal cavity does not properly drain. Septic funiculitis can also be caused by a contaminated emasculator or ligature. The open method of castration, in which the vaginal tunic and cremaster muscle are not removed, may predispose the horse to septic funiculitis,34 but the condition can occur if the horse has been castrated using the closed technique of orchidectomy. The condition is characterized by preputial and scrotal edema, pain, pyrexia, and sometimes lameness.66 Septic funiculitis may resolve with antimicrobial therapy and reestablishment of drainage, but removal of the infected stump is likely to be required, especially if the cord has been ligated. Champignon (French for “mushroom”) is a term used to describe a type of septic funiculitis of the stump of the cord caused by infection with Streptococcus.21 Champignon is characterized by purulent discharge and a mushroom-shaped mound of granulation tissue that protrudes from the scrotal incision.216 This was a common complication of castration before the invention of the emasculator, when hemorrhage was controlled by ligatures or “clams,” but now its importance is mostly historical.21 A stump chronically infected with pyogenic bacteria is commonly referred to as a scirrhous cord.32,70 Scirrhous cord, caused by Staphylococcus, is sometimes referred to as botryomycosis.21,70 The scrotal incision of a horse affected with septic funiculitis may eventually heal, but if the septic funiculitis does not resolve, the cord enlarges with granulation tissue and abscesses, which may eventually discharge through sinus tracts. The cord is hard, often painless, and adhered to scrotal skin. The stump may become so large that it mechanically interferes with locomotion of the rear limb. In extreme cases, infection ascends the cord into the abdomen, where a hard mass can be palpated per rectum at the deep inguinal ring.34 Occasionally, the lesion does not become apparent for several years after castration.21,217 Treatment is removal of the infected mass. The horse is anesthetized and positioned in dorsal recumbency. An incision is made over the scrotal scar or superficial inguinal ring, and the infected cord is isolated from normal tissue (Figure 59-24). The cord is transected proximal to the mass, using an emasculator or écraseur, and the wound is left unsutured to heal by secondary intention. Removing an infected cord within a few weeks after castration is relatively simple, but a chronically infected cord is difficult to
 
 Figure 59-24.  The exteriorized portion of the spermatic cord is thickened and hardened from infection. The demarcation between normal and abnormal portions of the cord is obvious. A thick, hard, infected cord after castration is commonly referred to as a scirrhous cord.
 
 remove because of fibrous adhesions to the parietal tunic and large blood vessels associated with the adhesions. The infected portion of the cord is likely to extend far into the inguinal canal if the horse was castrated using the closed technique of orchidectomy, making dissection difficult.
 
 Clostridial Infection Clostridial infection of the castration wound is particularly severe, because tissue necrosis and toxemia produced by clostridial organisms may lead to death within several days. Specific systemic signs of clostridial infection vary according to the clostridial species involved. Clostridium tetani causes general spasms and paralysis of the voluntary muscles. Horses develop a characteristic “saw-horse” stance and protrusion of the third eyelid.218 Clostridium botulinum causes flaccid paralysis, and early signs include decreased tone of the eyelids and tail, weakened gait, muscular tremors, and dysphagia.219 Clostridium septicum, Clostridium perfringens, Clostridium chauvoei, and Clostridium fallax have been identified as etiologic agents of malignant edema, a highly lethal disease characterized by fever, depression, toxemia, subcutaneous accumulation of gas, and fulminating cellulitis.220 Treatment of horses for clostridial infection at the castration site includes administration of high doses of penicillin and nonsteroidal anti-inflammatory and analgesic drugs, supportive therapy, radical débridement of all necrotic scrotal tissue, and establishment of scrotal drainage. Horses infected with C. botulinum and C. tetani can also be treated with antitoxin.219,221
 
 Septic Peritonitis Subclinical, nonseptic peritonitis occurs in many horses after castration because the peritoneal and vaginal cavities communicate.222 Postoperative, intra-abdominal hemorrhage may be responsible, at least in part, for nonseptic peritonitis, because free blood in contact with the peritoneum causes inflammation.223 A concentration of nucleated cells greater than 10,000/µL in the peritoneal fluid indicates peritoneal inflammation. A concentration greater than 10,000/µL can be found routinely in
 
 peritoneal fluid for at least 5 days after uncomplicated castration, and a concentration greater than 100,000/µL is not uncommon.222 Septic peritonitis occurs when peritoneal inflammation is accompanied by bacterial infection. Signs of septic peritonitis include colic, pyrexia, tachycardia, diarrhea, weight loss, and reluctance to move.224 Septic peritonitis should not be diagnosed on the basis of the concentration of nucleated cells in the peritoneal fluid alone, because a concentration greater than 10,000/µL indicates only that the peritoneum is inflamed.222 The presence of degenerated neutrophils or intracellular bacteria in the peritoneal fluid is more indicative of bacterial peritonitis, especially when accompanied by clinical signs.225 Treatment of horses for septic peritonitis includes administration of antimicrobial and nonsteroidal anti-inflammatory and analgesic drugs, supportive therapy, and peritoneal lavage. Proper drainage of the scrotum must be established. The occurrence of septic peritonitis after castration is rare, perhaps because the funicular portion of the vaginal process is collapsed as it courses obliquely through the abdominal wall226 and because mesothelial cells of the vaginal process are phagocytic.80
 
 Penile Damage The surgeon may encounter the shaft of the penis while separating scrotal fascia in search of an inguinal testis and, if inexperienced in orchidectomy, may mistake it for the testis. A portion of the shaft of the penis may be stripped of fascia, partially exteriorized, and amputated before its true identity is recognized (Figure 59-25). Even if the penile shaft is recognized before the penis is damaged, damage to the penile fascia created
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 by dissection can result in excessive edema and even paraphimosis. Damage to the urethra during sharp dissection results in severe necrosis of tissue from extravasation of urine into surrounding tissue.227,228 Penile damage is easily avoided if the surgeon possesses some familiarity with genital anatomy and proper techniques of castration. Excessive edema after castration can result in protrusion of the penis from the preputial cavity, and if the protruded penis is improperly cared for, its integument can be irreparably damaged. Prolonged penile protrusion can result in permanent penile paralysis.190 Administering a phenothiazine-derivative tranquilizer as a preanesthetic agent can result in priapism or penile paralysis. Penile paralysis and priapism are described in detail in Chapter 60.
 
 Hydrocele (Vaginocele) A hydrocele, or vaginocele, is a fluid-filled, painless swelling in the scrotum that may appear months or years after castration and is the result of the accumulation of sterile, amber-colored fluid in the vaginal sac.21 The fluid can often be reduced into the abdomen. The condition is rare and idiopathic, but open castration predisposes to the condition because the vaginal tunic is not removed. Hydroceles may occur more frequently in mules than in horses after castration.229 Enlargement of the scrotum with fluid may give the horse the appearance of an entire stallion; or the horse may appear to have an inguinal hernia. If the hydrocele does not increase in size, is not aesthetically displeasing to the owner, and does not inconvenience the horse, no treatment is necessary; otherwise, the hydrocele should be surgically removed. Drainage only temporarily alleviates the condition. To remove the hydrocele, the horse is anesthetized, placed in dorsal recumbency, and prepared for aseptic surgery. Skin is incised directly over the fluid-filled vaginal sac, the sac is bluntly separated from adherent fascia, and the scrotal ligament, which attaches the vaginal sac to the scrotum, is severed. The sac is transected, using a scissors or an emasculator, as proximad as possible. The wound can be sutured or left open to heal by secondary intention.
 
 Continued Masculine Behavior
 
 Figure 59-25.  Stump of penis emerging from a scrotal incision. Much of the shaft of the penis was inadvertently removed during a standing castration.
 
 Even though the serum concentration of testosterone and estrogen decline precipitously to basal levels within 6 hours after castration, libido is normally lost gradually; in one study, mean scores of libido by horses declined gradually until they stabilized on day 56 after castration.139 Castration is not always successful in completely eliminating objectionable masculine behavior, and some geldings display sexual behavior, such as genital investigation, erection, mounting, and even copulation. Objectionable masculine behavior of geldings is especially common in spring and early summer. Geldings with objectionable sexual libido and aggressive temperament characteristic of stallions are sometimes referred to as false rigs.230 Persistent masculine behavior of false rigs has been attributed to failure to remove all epididymal tissue during castration, and geldings that display masculine behavior as a result of retention of epididymal tissue are said to be proud cut.230 Epididymal tissue is unlikely to be inadvertently left with the horse, because the epididymis is intimately attached to the normal descended testis. Regardless, androgens are neither produced
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 nor released by the epididymis, and therefore, the presence or absence of epididymal tissue should not influence masculine behavior.136 Because masculine behavior of a false rig cannot be justly attributed to retention of epididymal tissue, there is no such thing as a proud cut horse.230 Masculine behavior of a false rig has also been attributed to production of testosterone by the adrenal cortex.136 The circulating concentration of luteinizing hormone is increased after castration in response to the falling concentration of testosterone, and the rise in luteinizing hormone concentration may produce some adrenal hypertrophy. False rigs, however, have no higher concentration of testosterone or dihydrotestosterone in serum than do normal, quiet geldings, and the presence of significant concentration of any other androgen is unlikely.230 Moreover, administering hCG to false rigs produces no discernable rise in concentration of testosterone in serum. Heterotopic testicular tissue has been incriminated as a cause of continued masculine behavior after castration.231 Failure of embryonic primordial germ cells to migrate caudad and dispersion of the cells of the embryonic germinal epithelium from trauma have been theorized as causes of transplantation of testicular tissue throughout the peritoneal cavity of pigs.231 The occurrence of heterotopic testicular tissue in horses, however, has not been reported. Administering hCG to a horse with heterotopic testicular tissue would probably produce a rise in concentration of testosterone in the serum. Objectionable masculine behavior after castration is most likely innate and not caused by extragonadal production of testosterone.230,232 Masculine behavior of false rigs is probably part of the normal social interaction between horses.230 About 20% to 30% of castrated horses can be expected to display stallionlike sexual interest in mares and aggression toward other horses, and about 5% can be expected to display stallionlike aggression toward people.232 Because the prevalence of masculine behavior of horses castrated as juveniles is similar to that of horses castrated as adults, castration before puberty is no more effective in preventing objectionable behavior than castration after puberty. These percentages should be considered the normal prevalence of masculine behavior in geldings. Amputating the stumps of the spermatic cords was reported to abolish objectionable masculine behavior in 75% of 18 false rigs,233 but no satisfactory rationale was offered to account for the success of this procedure. Because spermatic cords contain no Leydig cells and are incapable of producing androgens, the efficacy of shortening cords to eliminate libido seems doubtful. Limiting social interaction with other horses or imposing stricter discipline may be more successful in eliminating or diminishing undesirable masculine behavior.230 Administration of a progestagen (such as altrenogest, 50 to 75 mg daily) may ameliorate sexual and aggressive behavior of geldings.234,235 Progestagens suppress sexual behavior of stallions by inhibiting production of luteinizing hormone from the anterior pituitary gland, resulting in reduced production of testosterone by Leydig cells. But they also exert a direct calming effect on the central nervous system of horses, and this function may be responsible for the effect of progestagens on geldings that display objectionable, masculine behavior.235
 
 Incomplete Cryptorchid Castration The tail of the epididymis of the partial abdominal cryptorchid lies within the inguinal canal, enclosed within a well-developed
 
 Figure 59-26.  The arrow points to the epididymis of a partial abdominal cryptorchid. A portion of the epididymis lies within the inguinal canal, enclosed within the vaginal process. This portion of the epididymis could be mistaken for an inguinal testis by an inexperienced surgeon, and amputated.
 
 vaginal process. Excessive length of the proper ligament of the testis and body of the epididymis may allow the tail of the epididymis to descend through the inguinal canal. A surgeon unfamiliar with testicular anatomy and the mechanism of testicular descent may amputate the tail of the epididymis after mistaking it for a hypoplastic inguinal testis (Figure 59-26). The horse naturally continues to display objectionable, stallionlike behavior. The vaginal tunic should be opened before removing a structure presumed to be an inguinal testis to ensure that a testis, and not just the epididymis, is contained within. An hCGstimulation test differentiates a horse with testicular tissue from a false rig. Locating both the end of the epididymis and the stump of the ductus deferens in the inguinal canal at surgery identifies a horse as a partial abdominal cryptorchid whose epididymis has been partially resected.13
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 Penis and Prepuce James Schumacher
 
 ANATOMY AND PHYSIOLOGY Penis The penis is the male organ of copulation and is composed of erectile tissue that encases the extrapelvic portion of the urethra (Figure 60-1).1-4 The penis of the horse is musculocavernous and can be divided into three parts: the root, the body or shaft, and the glans penis. The penis originates caudally at the root, which is fixed to the lateral aspects of the ischial arch by two crura (leglike parts) that converge to form the shaft of the penis. The shaft constitutes the major portion of the penis and begins at the junction of the crura. It is attached caudally to the symphysis ischii of the pelvis by two short suspensory ligaments that merge with the origin of the gracilis muscles (Figure 60-2). The glans penis is the conical enlargement that caps the shaft. The portion distal to the point of attachment of the prepuce is referred to as the free part of the penis.5 The urethra passes over the ischial arch between the crura and curves cranioventrad to become incorporated within the erectile tissue of the penis. The ventral surface of the penis is nearest the urethra, and the dorsal surface is farthest from the urethra.5 The mobile shaft and glans penis extend cranioventrally to the umbilical region of the abdominal wall.4 The body is cylindrical but compressed laterally. When quiescent, the penis is soft, compressible, and about 50 cm long3; 15 to 20 cm lie free in the prepuce. When maximally erect, the penis is up to three times longer than when it is quiescent.6
 
 Erectile Bodies Two cavernous spaces make up the majority of the penile shaft: the dorsally located corpus cavernosum penis (CCP), which is responsible for erection, and the ventrally located corpus spongiosum penis (CSP), formerly termed the corpus cavernosum urethrae (Figure 60-3).3,4 The CCP originates below the ischial arch at the union of the crura, which attach to the ischial arch, and makes up the bulk of the shaft.2,3 It ends distally in one long central and two blunt ventrolateral projections (Figure 60-4).4 Along the ventral surface of the CCP runs the urethral groove or urethral sulcus. The CSP lies in the urethral groove of the CCP and surrounds the urethra (see Figure 60-3).2-4 The bulb of the penis is the proximal enlargement of the CSP. At its distal termination, the CSP expands into the glans penis, which caps the central projection of the CCP (see Figure 60-4). The tunica albuginea of the glans is thinner than that of the rest of the penis, making it softer in the erect state than the CCP.6 A long dorsal process of the glans penis extends 10 cm proximally on the dorsum of the CCP. The circular edge of the glans penis is termed the corona glandis, and the collum glandis represents the constriction behind it. The convex cranial surface of the glans contains a deep depression, the fossa glandis, into which the urethra protrudes 1.5 to 3 cm as a free tube surrounded only by thin integument (Figure 60-5).1,3-4,7 This tubular protrusion of the urethra is termed the urethral process. A dorsal diverticulum of the fossa
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 Figure 60-3.  Cross section of the penis. a, Dorsal veins of penis; b, tunica albuginea; c, corpus cavernosum penis with dividing trabeculae; d, corpus spongiosum; e, urethra; f, bulbospongiosus; g, retractor penis muscle.
 
 Figure 60-1.  The cranial end of the penis in median section in situ in the horse, medial aspect. a, Corpus cavernosum penis; b, corpus spongiosum glandis; c, urethra; d, urethral process; e, fossa glandis; f, external preputial orifice; g, preputial cavity (internal); h, plica preputialis; i, prepuce.
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 Figure 60-2.  Perineum of stallion, deep dissection, caudal aspect. A, Cross section through root of tail; B, external anal sphincter; C, tuber ischiadicum; D, semitendinosus; D′, short head from tuber ischiadicum; D′′, vertebral head; E, obturator externus; F, adductor; G, ventral stump of semimembranosus (the dorsal part of the muscle has been removed); H, gracilis; J, caudal wall of scrotum; a, penile part of retractor penis; a′, a′′, rectal part of retractor penis; b, bulbospongiosus, partly removed on the left side to expose the urethra; c, right ischiocavernosus, covering right crus penis (broken line); c′, outline of left ischiocavernosus, which has been removed to expose left crus penis; 1, left crus penis; 2, outline of right crus penis under cover of ischiocavernosus; 3, union of crura penis; 4, corpus cavernosum penis; 5, urethra, surrounded by corpus spongiosum; 6, muscular branches of obturator vessels. (From Nickel R, Schummer A, Seiferle E, Sack WO: The Viscera of the Domestic Mammals, Paul Parey Verlag, Berlin, 1973.)
 
 glandis, the urethral sinus, is often filled with smegma, a caseous mass of sebaceous matter and epithelial debris. A collection of hardened smegma in the urethral sinus is termed a bean. Large beans have been purported to interfere with urination. Two ventrolateral recesses also project from the fossa glandis.3 The fossa glandis and its recesses can harbor bacteria capable of producing venereal disease.8 The erectile bodies are surrounded by the thick, fibroelastic tunica albuginea, which sends fibrous trabeculae inward to form the supporting framework of the cavernous spaces.1-2,7 The CSP has thinner trabeculae with larger, veinlike cavernous spaces than seen in the CCP. The tunica albuginea of the CSP is thin and elastic and merges distally with the integument of the glans.3 The cavernous spaces are lined with endothelial cells and longitudinally oriented bundles of smooth muscle. Tonus of these muscular trabeculae and the retractor penis muscles maintains the nonerect penis within the prepuce. Decrease in tonus, as during micturition, causes the nonerect penis to protrude from the prepuce. Mechanism of Erection Penile erection is a neurovascular phenomenon, and the primary hemodynamic event leading to erection is increased arterial flow to the cavernous spaces.3 Sexual excitement stimulates parasympathetic outflow from the sacral portion of the spinal cord and results in dilation and straightening of the helicine arteries (coiled branches of the deep artery of the penis) and relaxation of the sinusoidal smooth muscles, enabling blood to pass into the sinusoidal spaces.3,9 Engorgement of the cavernous spaces, which is controlled and finally stopped by the unyielding tunica albuginea and trabeculae, lengthens and stiffens the penis. Obstruction of venous return from the CCP appears to be important during erection in the stallion.10,11 Circulation to and from the CCP passes between the ischium and the ischiocavernosus muscles. Contraction of the ischiocavernosus muscles from stimulation of the pudendal nerves occludes arterial and venous flow against the ischium, making the CCP a closed system during peak erection. Compression of the crura by the ischiocavernosus muscles forces blood into the CCP to produce high pressures. In one study, the mean pressure within the quiescent CCP measured 13 mm Hg, but it rose to 107 mm Hg
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 Figure 60-4.  Distal end of the penis of the horse. A, Caudoventral aspect of the glans, and of the terminal part of the urethra with corpus spongiosum; B, ventrolateral aspect of corpus cavernosum; C, lateral aspect of tip of the penis (the skin of the penis has been removed proximal to the corona glandis); a, a′, corpus cavernosum; a′′, dorsomedian process of corpus cavernosum; a′′′, ventrolateral processes of corpus cavernosum; aiv, urethral groove; b, urethra, surrounded by corpus spongiosum; b′, urethral process and external urethral orifice; b′′, stump of bulbospongiosus; c, fossa glandis; c′, corona glandis; c′′, collum glandis; c′′′, dorsal process of glans; civ, recesses on the interior of the glans for the three processes (a′′, a′′′) of the corpus cavernosum. (From Nickel R, Schummer A, Seiferle E, Sack WO: The Viscera of the Domestic Mammals, Paul Parey Verlag, Berlin, 1973.)
 
 a
 
 j
 
 b
 
 c
 
 d
 
 e
 
 f
 
 g
 
 i h k
 
 Figure 60-5.  Extended penis of a stallion (protruded from the prepuce), left lateral aspect. a, Glans penis; b, free part of the penis; c, attachment of the inner lamina of the preputial fold to penis; d, inner lamina of the preputial fold; e, preputial ring; f, outer lamina of the preputial fold; g, internal lamina of the external fold of the prepuce; h, fossa glandis; i, urethral process; j, corona glandis; k, collum glandis.
 
 during sexual arousal, and finally to 6530 mm Hg during coitus.11 Anesthesia of the ischiocavernosus muscles caused diminution of erection by reducing the peak pressure in the CCP to a value close to that of the systemic blood pressure. During coitus, increased arterial blood flow into the CSP and contraction of the bulbospongiosus muscle lead to increased pressure within the CSP and considerable distention of the glans penis.12 The glans penis is greatly distensible and may become so large before coitus that the stallion is unable to accomplish intromission. In one study, mean pressure within the CSP was 17 mm Hg during the quiescent state, 76 mm Hg on arousal, and finally, 994 mm Hg during coitus.12 Contractions of the bulbospongiosus muscles were likely responsible for the high pressure, because anesthesia of this muscle greatly reduced pressure in the CSP during coitus. The CSP remains an open system during erection because vessels entering the bulb of the penis do not pass between an osseous structure and the bulbospongiosus muscles.12 Blood passes down the CSP to the glans penis and out through the dorsal veins. Detumescence occurs after ejaculation because parasympathetic impulses diminish and because sympathetic impulses
 
 that facilitate emission of semen also cause the helicine arteries to return to their coiled state, thus restricting inflow of arterial blood. Sympathetic impulses also decrease venous compression and allow emissary veins to open, thereby increasing venous outflow.3,9,13,14 Muscles The short, paired, ischiocavernosus muscles that arise from the tuber ischii and the adjacent part of the sacrotuberous ligament attach to the crura and adjacent parts of the body of the penis (see Figure 60-2).3,4 Contraction of these muscles elevates the erect penis, bringing it into position for intromission. By compressing the penis against the ischium, the ischiocavernosus muscles assist in producing and maintaining erection by impeding venous return from the CCP. The urethralis muscle surrounds the pelvic urethra and the bulbourethral glands and, by its contractions, forces release of seminal fluid during ejaculation as well as emptying of the last vestiges of urine during urination.4 The bulbospongiosus muscle, formerly termed the bulbocavernosus muscle, covers
 
 the CSP ventrally and extends nearly the entire length of the penis (see Figure 60-2).3 It originates near the bulbourethral glands, where it is continuous with the urethralis muscle, and ends at the free part of the penis near the glans penis. It sends transversely directed fibers from the edges of the urethral groove to meet at a median septum. Rhythmic contractions of the bulbospongiosus muscle during ejaculation force blood from the bulb, causing a pressure wave to be sent down the CSP to forcefully expel semen from the urethra.4 The ischiourethral muscles extend from the ventral surface of the ischium and crura, pass around the ischial arch into the pelvic cavity, and end at the ventral layer of the urethralis muscle.3,4 They may assist erection by compressing the dorsal veins of the penis. The paired, longitudinal retractor penis muscles arise on the ventral surface of the first few coccygeal vertebrae and pass ventrad on each side of the rectum to form a loop beneath the terminal end of the rectum and anus (see Figure 60-2).3,4 From the loop, the muscles pass distad along the bulbospongiosus muscle and end at the glans penis. They retract the penis into the prepuce after erection or protrusion.
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 Blood Vessels, Nerves, and Lymphatics Arteries supplying the penis include the terminal branches of the internal pudendal (or internal pudic), obturator, and external pudendal (or external pudic) arteries.1,2,4 The external pudendal artery supplies the cranial (or dorsal), artery of the penis, a major source of blood for erectile tissue.2 It supplies a branch to the scrotum and continues as the caudal superficial epigastric artery, which provides branches to the prepuce.2,3 The deep arteries of the penis originate from the obturator arteries and supply the CCP.9 The internal pudendal artery supplies the pelvic portion of the urethra and terminates in the CSP as the artery of the bulb of the penis, which supplies the CSP.2,3 Blood flows from the penis through a venous plexus on the dorsum and sides of the penis.2,4 The venous plexus is emptied by the external pudendal and obturator veins; blood is carried from the root by the internal pudendal veins.4 Nervous supply to the penis is primarily via the pudendal nerves and the pelvic plexus of the sympathetic nervous system.4 The pudendal nerves branch into the dorsal nerves of the penis, and the sympathetic fibers supply the smooth muscle of the vessels and the erectile tissue. The deep perineal and caudal rectal nerves supply the bulbospongiosus, ischiocavernosus, and retractor penis muscles.3 Efferent lymphatic vessels of the penis carry lymph to the superficial and deep inguinal lymph nodes.
 
 Accessory Genital Glands The accessory genital glands of the horse are the paired seminal vesicles, the prostate, the paired bulbourethral glands, and the paired ampullae of the ductus deferens (Figure 60-6).3,4,15 The accessory genital glands are fully developed in the sexually mature stallion but resume their juvenile size in the gelding.5 The ducts of these glands empty into the pelvic urethra and provide the major portion of the ejaculate and serve to transport, nourish, and buffer spermatozoa.9 The distal 10 to 15 cm of each deferent duct widens to form an ampulla, the wall of which is thickened with secretory glands.6,16 Each ampulla is evident as an enlargement near the midline of the pelvic floor. The seminal vesicles are two hollow,
 
 Figure 60-6.  Graphic representation of the urogenital tract of the stallion. a, Penis; b, testes; c, kidneys; d, ureters; e, urinary bladder; f, ductus deferens; g, seminal vesicles; h, prostate gland; i, bulbourethral glands.
 
 pear-shaped glands that lie on the dorsal surface of the neck of the bladder lateral to the ampullae.3,4 They are often difficult to palpate per rectum, but identification can be enhanced if the stallion is sexually aroused before palpation.15 Each vesicle of the stallion is 10 to 15 cm long and 3 to 6 cm wide, but those of geldings are much smaller. The seminal vesicles narrow as they converge toward the midline, and each forms a single excretory duct, which travels beneath the prostate and opens together with or beside the ipsilateral ampulla on the colliculus seminalis. The combined terminal portion of the ampulla and excretory duct of the seminal vesicle is termed the ejaculatory duct. The seminal vesicles are true glandular structures and not just reservoirs for the storage of spermatozoa as was once thought.9 The secretions of the seminal vesicles are viscous and contribute the major portion of the volume of ejaculate.3,4,9 Secretions from the seminal vesicles are the last to enter the urethra.5 Seminal vesiculitis, a rare but important problem in stallions, may be associated with infertility. Surgical removal of chronically infected vesicles has been described.17 The prostate is a nodular, bilobed gland that lies dorsal to the neck of the bladder.3,4 The prostate of a stallion can, with some difficulty, be palpated per rectum, especially if the horse is sexually aroused. Each lobe is 5 to 9 cm long, 3 to 6 cm wide, and about 1 cm thick; the lobes are connected across the midline by a 3-cm-long isthmus. Prostatic secretion from each lobe is carried through 15 to 20 prostatic ducts, which open into the urethra through small, slitlike openings located lateral to the colliculus seminalis. The prostate produces a watery, alkaline secretion that neutralizes the acidity of fluid entering the urethra from the ductus deferens.9 The two bulbourethral (or Cowper) glands are situated  on the dorsolateral surface of the urethra at the ischial arch,  2 to 3 cm caudal to the prostate.1-4,6 Each is covered by
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 a bulboglandularis muscle. The bulbourethral glands of the stallion are 4 to 5 cm long and 2.5 cm wide and are difficult to palpate per rectum. Six to eight excretory ducts from each gland open in two longitudinal rows of small papillae on the dorsal surface of the pelvic urethra caudal to the openings of the prostatic ducts. The bulbourethral glands produce an alkaline, mucinous secretion that clears the urethra of urine before ejaculation and lubricates the urethra for the passage of seminal fluid.9
 
 Prepuce The prepuce, or sheath, is a voluminous, folded sleeve of integument covering the mobile portion of the quiescent penis.4 The prepuce consists of the haired external lamina, which is continuous with the skin of the abdominal wall, and an internal lamina, which is in contact with the penis (see Figure 60-5).3,4,7 The external lamina extends craniad from the scrotum to within 5 to 8 cm of the umbilicus and is continuous with the internal lamina at the opening of the prepuce, the preputial orifice (see Figure 60-1).3 Close to the cranial extent of the external lamina are two rudimentary teats. The preputial raphe, a cranial continuation of the scrotal raphe, divides the external lamina sagittally on its ventral midline. The prepuce is supported by an elastic suspensory ligament that lies within the external lamina and is derived from the abdominal tunic.18 When the horse trots or canters, movement of the penis within the prepuce often creates a sucking noise. The prepuce of the horse differs from that of other species in that it is formed by a double fold of preputial skin, one inside the other.2-4,7 When the penis is retracted, the internal lamina doubles on itself to form a cylindrical internal fold, the plica preputialis or preputial fold. The preputial cavity is thus divided into external and internal cavities, of which the external is the more spacious.3 The opening of the plica preputialis is termed the preputial ring. When the plica preputialis unfolds during erection, the preputial ring can be recognized as a thickened band on the extended penis.1,2 The penis is not free in the preputial cavity at birth, because epithelium of the internal lamina of the prepuce and epithelium of the free part of the penis are fused into a single lamina. The lamina is split into external and internal laminae by a cytolytic process that forms vesicles that coalesce to form the preputial cavity.19,20 Separation of the internal and external laminae occurs in the first month after birth and is controlled by androgens.
 
 DIAGNOSTIC PROCEDURES History Most preputial and penile abnormalities are easily diagnosed from the horse’s history and during physical examination, and further studies are not required. History pertaining to problems of the penis and prepuce may include such information as copulatory performance, drug therapy, behavioral changes, conception rates, duration of disability, and previous injuries, illnesses, or urogenital surgery.
 
 Clinical Examination Urination Physical examination of a horse with a penile or preputial disorder should include observation of urination. The horse can
 
 sometimes be stimulated to urinate by placing it in a freshly bedded stall; shaking the bedding while whistling may increase the horse’s urge to urinate. If this technique fails, intravenously administered furosemide generally results in urination within 15 minutes. If the horse makes painful and unsuccessful attempts to urinate, urethral obstruction should be suspected, and the bladder should be palpated per rectum. If the bladder is distended, it should be catheterized to relieve its distention and to determine the location of urethral obstruction. A large accumulation of hardened smegma within the fossa glandis can produce stranguria by distorting the urethral process, but this accumulation is readily identified and easily removed. Erection and Ejaculation A breeding stallion that is experiencing difficulty with erection or ejaculation should be observed servicing a mare. Inability of a sexually excited stallion to achieve erection could be caused by a vascular shunt from the CCP to a vessel outside the tunica albuginea or by fibrosis of cavernous tissue from an unresolved episode of priapism. Shunts between the CCP and one or more dorsal veins of the penis could result from a congenital anomaly or from laceration or rupture of the tunica albuginea. Damage to the CCP caused by priapism (persistent erection without sexual excitement) can be assessed by palpating the cavernous tissue. Fibrous, noncompliant cavernous tissue indicates that the CCP has been permanently damaged. A stallion that is reluctant to ejaculate or displays pain during ejaculation may suffer from a urethral rent or seminal vesiculitis. If so, semen and urine should be examined grossly and microscopically for the presence of blood, and the urethra should be endoscopically inspected for evidence of seminal vesiculitis or a urethral abnormality. Palpation The penis can be palpated as it lies retracted in the prepuce by inserting a gloved and lubricated hand through the preputial orifice and preputial ring. This may be the only method of physically evaluating the penis and internal preputial lamina of a horse with phimosis (an inability to protrude the penis from the prepuce because of a stricture of the preputial orifice or preputial ring). The external and internal preputial cavities, preputial ring, and free part of the penis, including the urethral sinus and process, can be evaluated by palpation. Beans within the urethral sinus can usually be palpated by compressing the tip of the penis. Dense, brown-black, greasy smegma is normally encountered at the preputial fornix. Visual Inspection To ascertain the exact nature and extent of penile or preputial abnormalities, visual inspection of the horse’s penis and internal preputial lamina is usually necessary. The horse’s penis can be protruded by administering xylazine HCl or preferably by stimulating sexual arousal. Administration of phenothiazinederivative tranquilizers to stallions should be avoided because of association of these tranquilizers with penile paralysis and priapism. The gelding’s penis can be protruded by administering a tranquilizer or sedative or by placing a loop of gauze behind the corona glandis and with steady traction overcoming the pull of the retractor penis muscles. Producing penile
 
 protrusion by chemical means is preferable to pulling the penis from the prepuce, because traction on the penis is resented by the horse and could damage the penis. The penis can be desensitized and extruded by anesthetizing the pudendal nerves at the level of the ischial arch.2,21 The point of injection is 2 cm dorsal to the ischial arch and an equal distance lateral to the anus. The needle is inserted at an angle until its point contacts the ischial arch on the midline where the pudendal nerves course around the ischium. The penis usually protrudes within 5 minutes after deposition of 3 to 5 mL of a local anesthetic agent adjacent to each nerve. Unless prolonged penile desensitization is required, a short-acting local anesthetic, such as lidocaine HCl, should be used to avoid prolonged penile protrusion. Desensitization and extrusion of the penis and internal lamina of the prepuce by anesthetizing the right and left pudendal nerves where they are embedded in the sacrotuberous ligament is described, but this pudendal nerve block is difficult.22 The urethral process and fossa glandis should be inspected for lesions of cutaneous habronemiasis. With the penis extended, the entire internal preputial lamina is visible and can be evaluated for wounds, scars, hematomas, neoplasia, and granulomas. Penile and preputial wounds should be closely examined to determine if they penetrate the tunica albuginea or invade the urethra. Leakage of urine from a traumatized area may be noted, especially when the horse urinates. A hematoma should be differentiated from an abscess. Physical findings of hematoma include penile swelling and ecchymosis, particularly noticeable in nonpigmented areas. Aspiration of a hematoma confirms the diagnosis. Examination of a horse with paraphimosis (an inability to retract the protruded penis into the prepuce) should include an evaluation of penile sensory innervation, because protrusion accompanied by penile paralysis may be permanent. If preputial or penile neoplasia is suspected, the entire external genitalia should be examined meticulously for other primary lesions, and the inguinal regions should be palpated to detect enlarged lymph nodes. Superficial inguinal lymph nodes may enlarge initially from inflammation but later from malignant infiltration. Lymph nodes adhered to overlying skin or with fistulous tracts have most likely been infiltrated by malignant emboli. Metastases to internal lymph nodes may be detected by palpation per rectum. Recognition of carcinoma of the external genitalia should lead to examination of other structures commonly affected by carcinoma, such as the third eyelids and the perineum.
 
 Other Diagnostic Procedures Endoscopy Endoscopy may be useful for identifying the source of hemorrhage noted to occur during urination or ejaculation. Endoscopy of the urethra and bladder is performed with the horse standing and sedated, using a sterile, 100-cm (or longer), flexible endoscope with a diameter no larger than 12 mm. An endoscope with an outside diameter of 9 or 10 mm is suitable for most male horses. The endoscope should be capable of distending the urethra with air, and it should not be so large that it restricts exit of air introduced proximal to it. To endoscopically examine the urethra, the distal end of the penis is grasped behind the glans by an assistant. The urethra
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 is occluded around the endoscope while the urethra is insufflated as the scope is inserted proximad. The urethral mucosa is normally pale pink and has longitudinal folds, but when the lumen is distended, the mucosa becomes reddened and assumes a smooth, tubular configuration. The blood-filled cavernous spaces of the corpus spongiosum penis that surround the translucent urethra should not be mistaken for an inflamed mucosa. Two longitudinal rows of six to eight papillae that mark the openings of the excretory ducts of the two bulbourethral glands are seen on the dorsal surface of the pelvic portion of the urethra, and lateral to these papillae lies a longitudinal row of papillae that mark the urethral openings of the excretory ducts of the urethral glands. After advancing the scope beyond the papillae of the bulbourethral glands, the colliculus seminalis, which contains the opening of each of the two ductus deferentes and the opening of the duct of each of the two seminal vesicles, is identified as a round prominence on the dorsal aspect of the urethra. The small orifice of the uterus masculinus, a remnant of the ducts of Müller and the homologue of the uterus and vagina, can sometimes be seen on the center of the colliculus. The openings of the seminal vesicles are crescent-shaped. The lumen of a seminal vesicle can be examined for evidence of infection by passing a 10-mm or smaller diameter endoscope into its duct.23 The orifices of the 15 to 20 prostatic ducts open into the urethra through small, slitlike openings located lateral and proximal to the colliculus seminalis, but these orifices are difficult to identify. Ultrasonography Ultrasonography can be used to assess the physical status of cavernous tissue and to identify urethral lesions, such as calculi or stenosing scars. Ultrasonographic examination of a penile hematoma may identify a rupture of the tunica albuginea. Abnormality of an accessory sex gland can sometimes be detected using transrectal ultrasonography.15 The glands can be more readily identified if the stallion has been sexually aroused before ultrasonographic examination. Cavernosography Cavernosography may be useful for determining the cause of persistent impotence. Contrast medium (100 to 200 mL of iohexol, a 24% water-soluble, organic iodine radiographic contrast medium) is injected into the CCP, and serial radiographs of the penis are obtained. If shunts are present, contrast medium appears in the nutrient vessels of the penis and prepuce. If trabeculae are damaged, the sinusoidal spaces fill incompletely with contrast medium. Cavernosography also may be useful in identifying a rupture or laceration of the tunica albuginea of the CCP. Miscellaneous Diagnostic Procedures Urethral and ureteral catheterization may be useful for determining the source of hemorrhage observed to occur during urination or ejaculation or to obtain fluid expressed from  the seminal vesicles for cytologic examination and culture.23 Cytologic or histologic evaluation of penile and preputial lesions may be necessary to distinguish between various diseases, such as cutaneous habronemiasis and squamous cell carcinoma.
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 PENILE AND PREPUTIAL DISORDERS Penile and Preputial Injuries
 
 hematoma may interfere with urination by impinging on the urethra.32
 
 Etiology Horses can lacerate their penis while jumping barriers, in attempting to breed a mare over a fence, or by falling on sharp objects. During coitus it may be caused by the mare’s tail hairs or a loosely tied “breeding stitch.” Stallion rings that are too small or improperly cleaned may cause erosions of the shaft.24 Penile hematomas are usually caused by trauma to the erect penis and can occur when stallions are pastured with other horses or are permitted to breed improperly restrained mares. Severe bending of the penile shaft during coitus or semen collection may cause tearing of a corporeal body or subfascial vessels on the surface of the penis. Penile lacerations or erosions are usually superficial, but lacerations into the cavernous tissue and urethra have been reported.25-29 A tear in the urethral sinus leading directly into the CSP caused severe penile hemorrhage in a stallion during coitus,25 and improper castration of two horses caused urethral damage and necrosis of tissue at the scrotum from escape of urine.28-29 Hematomas usually arise from rupture of the extensive vascular plexus located subfascially on the surface of the penis,30 but occasionally a hematoma originates from a torn corporeal body.31 Rupture of the CCP is sometimes referred to as fracture of the penis. Rupture of the bulb of the penis, presumably from a blow, eventually led to the death of a stallion by causing urethral stenosis and subsequent rupture of the bladder.32 A hematoma confined within the intact tunica albuginea of the CCP, apparently caused by a breeding accident, resulted in deviation of a stallion’s penis during erection, presumably from disruption of blood flow through the cavernous structure.33 Aspiration of the hematoma, using ultrasonographic guidance, resulted in straightening of the penis. Pathophysiology Unsutured preputial lacerations inevitably become infected, and migration of infection through the loose preputial connective tissue results in cellulitis and generalized swelling. If cellulitis and swelling become severe, the penis and internal lamina of the prepuce protrude through the preputial orifice. Superficial wounds, if properly treated, heal without complication, but large unattended wounds that heal by cicatrization may restrict action of the prepuce. An unsutured wound into cavernous tissue may lead to impotence caused by creation of a shunt between the cavernous tissue and the superficial penile vasculature. Although longitudinal urethral lacerations generally heal without stricture when left to heal by secondary intention, unsutured, transecting urethral lacerations usually heal with obstructing stenosis. An improperly attended urethral injury could result in a cutaneous-urethral or cavernosourethral fistula. Rupture of superficial penile vessels or corporeal bodies causes extravasation of blood into the loose preputial fascia. Extreme preputial swelling may occur within minutes of injury and may prevent the horse from retracting its penis into the preputial cavity. The penis may rapidly enlarge to several times its normal size. The hematoma may interfere with venous and lymphatic drainage by impinging on undamaged veins and lymphatic vessels, thus exacerbating the swelling,24 or the
 
 Treatment OPEN WOUNDS To avoid infection, fresh penile and preputial wounds should be débrided and sutured. Sutures can be either absorbable or nonabsorbable but should be soft and nonirritating. Infected wounds should be cleansed with a mild antiseptic solution several times daily and covered with an antimicrobial ointment. If the urethra is completely disrupted, it should be reapposed with absorbable sutures; stenting the urethral lumen with a male urinary catheter during surgery simplifies the anastomosis. Stenosis of the urethra caused by cicatrix formation after injury can sometimes be relieved by transendoscopic laser ablation.34 Often, penile amputation is the most expedient means of treating complete urethral disruption accompanied by severe trauma of surrounding tissue, especially if the injured horse is a gelding.27 HEMATOMAS Treatment of a horse with a penile hematoma should be instituted immediately after injury and aimed at decreasing hemorrhage. Compressing the penis and internal lamina of the prepuce with a pneumatic bandage or tight wrap may relieve edema and minimize hemorrhage. To compress the penis and prepuce, the horse is anesthetized, and starting at the distal end of the penis, the penis and internal lamina of the prepuce are wrapped snugly from the glans to the preputial orifice with an elastic bandage.35 The wrapped penis and prepuce and the preputial orifice are massaged until the wrap loosens from the decrease in size of the penis and prepuce. The process is repeated until maximal decrease in size is achieved. The penis and internal lamina of the prepuce should then be supported against the abdomen or within the preputial cavity to diminish hemorrhage and edema. Hydrotherapy with cold water may hasten vasoconstriction. If the hematoma continues to expand despite treatment, the area of the hematoma should be examined ultrasonographically for evidence of a rent in the tunica albuginea, or it should be surgically explored. Failure to repair a rupture of the tunica albuginea could result in formation of a shunt between the damaged erectile body and the dorsal veins of the penis. Aftercare To avoid erection and more hemorrhage, a horse with a penile or preputial injury should not be subjected to sexual stimuli. Because exercise may exacerbate hemorrhage, the horse should initially be closely confined. After 5 or 6 days, when hemostasis is ensured, the horse should be exercised lightly to decrease the edema. Hot packs applied to the penis at this time stimulate vasodilatation and thus resorption of the hematoma.
 
 Paraphimosis Etiology Paraphimosis, or the inability of the horse to retract its protruded penis into the prepuce, occurs most frequently from preputial edema caused by genital trauma, such as preputial laceration, penile hematoma, or castration. Paraphimosis may be a manifestation of disease characterized by extensive edema,
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 Figure 60-7.  Paraphimosis caused by severe debilitation. The preputial ring has become a constricting cuff.
 
 such as dourine and purpura hemorrhagica,24,36 or it may be caused by damage to penile innervation. The last has been associated with spinal disease, trauma, and infectious diseases, such as equine herpesvirus 1 and rabies.24,37 Paralysis associated with priapism, debilitation, or exhaustion has been reported (Figure 60-7).38-40 Penile paralysis has followed administration of phenothiazine-derivative tranquilizers, most notably propiomazine (formerly termed propiopromazine).41,42 Pathophysiology Tonus of the retractor penis muscles and the smooth muscle of the cavernous spaces normally maintains the penis within the prepuce.40 With penile or preputial injury, edema develops in loose connective tissue between the penis and the internal lamina of the prepuce, and the weight of edema causes muscular fatigue, followed by protrusion of the penis and internal preputial lamina from the preputial cavity. The relationship between debilitation or exhaustion and penile paralysis is obscure, but general debilitation may cause loss of muscular tonus, allowing the penis to protrude and the pudendal nerves to become contused or stretched at the ischial arch.40,43,44 Penile paralysis occurring after administration of a phenothiazine-derivative tranquilizer may likewise be caused by mechanical damage to the pudendal nerves from prolonged penile protrusion and not from direct damage to penile innervation by the tranquilizer, as suggested by one investigator.42 Motor innervation of the retractor penis muscles is probably supplied solely by α-adrenergic fibers, and phenothiazinederivative tranquilizers block these α-adrenergic fibers.1 The retractor penis muscles can, however, be transected without causing the penis to protrude. Tranquilization may also block sympathetic impulses to the smooth muscle of the cavernous tissue, allowing the sinusoidal spaces to fill with blood and the penis to drop from the preputial cavity.37
 
 Regardless of the reason for penile protrusion, blood within the CCP pools and clots within 2 to 5 hours, making the penis somewhat rigid, rather than flaccid.45 This rigidity may cause the clinician to conclude erroneously that the penis is protruded because the horse suffers from priapism (see “Priapism,” later). Prolonged protrusion itself produces edema of the penis and prepuce by impairing venous and lymphatic drainage. As the penis and internal preputial lamina swell from edema, the preputial ring becomes a constricting cuff that compounds swelling distad. After several days, fluid begins to seep diffusely through the penile and preputial epithelium. Edema increases fragility of tissues, and because the exposed penis is subjected to trauma and effects of temperature, the penile and preputial epithelium soon becomes extensively excoriated. Bacterial invasion of excoriated epithelium causes inflammation of the penis and prepuce, or balanoposthitis, and bacterial migration through the loose preputial connective tissue causes cellulitis. Eventual invasion of edematous and inflamed tissue by fibroblasts results in fibrosis of the penile integument and fascia, causing permanent impairment of the normal telescoping action of the prepuce.40 The pendulous weight of the penis may eventually damage the pudendal nerves.41,44 The protruded penis becomes curved with the glans penis pointing caudoventrad. Urination is usually unimpeded.41 Paralysis is usually accompanied by loss of erectile function, but ejaculatory capability is often still preserved.24 Treatment Treatment of a horse affected with paraphimosis should be directed toward controlling edema and preventing further trauma. To preserve normal venous and lymphatic drainage and to protect against injury, the penis should be retained within the external preputial lamina. The penis can be temporarily retained with sutures or towel clamps placed across either the
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 A Figure 60-9.  Phimosis in a horse caused by a cicatrix at the preputial ring.
 
 B Figure 60-8.  A, Suspensory device manufactured from a lightweight aluminum tube and nylon net. B, The device fitted to a horse. (Courtesy A. Fürst and R. Keller, University of Zurich.)
 
 preputial orifice or preputial ring, but these devices should not be relied on for more than several days, because they damage the prepuce. Prolonged, atraumatic support can be provided by a nylon net or hosiery suspended at the preputial orifice by a crupper and surcingle made of rubber tubing (Figure 60-8). If the protruded penis is too edematous to be replaced within the preputial cavity, it should be compressed against the abdomen with a bandage until edema subsides. A pneumatic bandage or a tight bandage applied directly to the penis may also be effective in reducing edema. Applying a nonirritating, hydrophilic agent, such as glycerin, or sulfa-urea to the penis may increase the effectiveness of the compressive bandage. Massaging the penis between bandage changes is helpful for dissipating edema. Applying an antimicrobial ointment to the penis prevents epithelial maceration and infection, and a systemically administered nonsteroidal anti-inflammatory drug reduces inflammation. Daily application of a 2% testosterone cream compounded with an equal amount of an udder cream also helps in maintaining the health of the penile and preputial epithelium.45 The horse should be lightly exercised to reduce edema. If the relatively inelastic preputial ring prevents penile  retraction or impedes venous and lymphatic drainage, a 
 
 preputiotomy can be performed. The preputial ring is  severed with a longitudinal incision after administration of local, regional, or general anesthesia, and the incision is allowed to heal by secondary intention.37 With prompt treatment, paraphimosis resulting from acute trauma usually resolves within several days. Even after initial swelling and inflammation subside, preputial cicatrization may restrict normal telescoping action of the prepuce. Excision of restrictive cicatricial tissue by segmental posthetomy (reefing) may be necessary to restore normal preputial function (see “General Surgical Procedures,” later). Horses with chronic paraphimosis accompanied by penile paralysis or generalized preputial fibrosis are unlikely to regain the ability to retract the penis. Stallions with penile paralysis generally retain their libido but are unable to achieve erection.24,42 For some stallions, however, ejaculation is still possible. Penile paralysis need  not necessarily end a stallion’s breeding career, if the stallion can be trained to ejaculate into an artificial vagina (provided that the horse’s breed registry permits artificial insemination). The horse can be salvaged for purposes other than breeding by permanently retracting its penis into the preputial cavity with sutures (i.e., the Bolz procedure) or by extensive posthetomy (i.e., the Adam’s procedure) or by partial phallectomy (see “General Surgical Procedures,” later, for descriptions of these procedures).
 
 Phimosis Etiology Phimosis refers to the inability of the horse to protrude its penis from the prepuce because of a congenital or acquired stricture of the preputial orifice or preputial ring. Discounting the normal fusion of the internal lamina of the prepuce to the free part of the penis present during the first month after birth, congenital phimosis rarely, if ever, occurs in horses. Acquired phimosis can result from tumors or cicatrizing lesions at the preputial orifice or preputial ring (Figure 60-9) or from impairment of the normal telescoping action of the prepuce. When the horse cannot protrude its penis, urine enters the preputial cavity and produces mucosal inflammation that may eventually lead to more cicatrization and occlusion of the
 
 preputial orifice or preputial ring. An unusual cause of phimosis occurred when a gelding’s penis became entrapped in a rent in the suspensory ligament of the prepuce. The ligament had apparently been torn when the horse was castrated.18 Treatment If phimosis is caused by constriction of the preputial orifice, a wedge of external preputial lamina based toward the preputial orifice is removed.46 The internal and external preputial laminae are joined with a row of closely spaced interrupted sutures. If phimosis is caused by constriction of the preputial ring, a similar wedge can be removed from the internal preputial fold, and after the penis is exposed, the constricting cicatrix can be removed by segmental posthetomy (reefing) (see “General Surgical Procedures,” later). Phimosis caused by rupture of the suspensory ligament of the prepuce is corrected by suturing the torn ligament.18
 
 Priapism Priapism, or persistent erection without sexual excitement, occurs when the erect penis fails to detumesce.47 The condition derives its name from the Greek god Priapus, symbol of fertility, but a frequent outcome of the condition in all species in which it occurs is infertility resulting from impotency. Etiologic Factors Etiologic factors in the development of priapism in men  include hematologic diseases that cause vascular sludging,  such as sickle cell anemia and leukemia; administration of antihypertensive or antidepressant drugs, especially when combined with alcohol; perineal trauma; spinal cord injury; and inflammatory disorders of the urogenital tract.47 The cause of priapism in about half of all affected men is idiopathic.48 Priapism of horses usually occurs after administration of a phenothiazine-derivative tranquilizer, usually acetylpromazine.49 Phenothiazine-derivative tranquilizers may cause failure of detumescence by blocking α-adrenergic impulses that mediate detumescence.50 Other, less commonly reported causes of priapism of horses include general anesthesia,51 nematodiasis of the spinal cord,52 and neoplasia of the pelvic canal.53 Priapism occurs in both stallions and geldings, but stallions are more commonly affected, perhaps because of a direct influence of androgens on development of the condition, or perhaps because stallions develop erections more frequently.53,54 Pathophysiology During normal erection, the rate of flow of blood into the CCP equals the rate of flow of blood from the structure. The precise mechanisms by which priapism occurs are unknown, but basically, priapism is a result of a disturbance of either the arterial inflow or the venous outflow to the CCP, causing the erect penis to fail to detumesce.47 Priapism in men is classified as being either high flow or low flow. High-flow priapism occurs when arterial blood flow to the cavernosal tissue is increased, usually as a result of a traumatically induced arteriocavernosal shunt, and venous drainage cannot compensate for this increase.55 High-flow priapism of men almost always results from trauma to the perineum or penis.55 Low-flow, or veno-occlusive, priapism
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 occurs when the neural impulses that mediate detumescence are altered or when vascular or hematologic alterations mechanically interfere with venous drainage. Low-flow priapism occurs in men and horses much more commonly than does high-flow priapism, and in fact, only one stallion has been reported to suffer from high-flow priapism. Priapism of this stallion was classified as the high-flow variety based on the stallion’s response to treatment and the content of oxygen and carbon dioxide in blood obtained from the CCP, but the stallion developed priapism after it was administered a phenothiazine-derivative tranquilizer,56 the most commonly reported cause of low-flow priapism of horses. Low-flow priapism, regardless of its etiology, is characterized by stasis of blood within the CCP (Figure 60-10). Blood aspirated from the CCP of men affected with low-flow priapism has a low pH (typically, less than 7.25), a low partial pressure of O2 (typically, less than 30 mm Hg), and a high partial pressure of CO2 (typically, greater than 60 mm Hg).57 High partial pressure of CO2, caused by vascular stasis, causes erythrocytes to sickle and causes endothelial damage to the vessels and trabeculae in the CCP. The sickled erythrocytes occlude the venous outflow from the CCP, eventually irreversibly.58 Endothelial damage and occlusion cause trabecular edema, which eventually progresses to fibrosis, thereby decreasing the size of the sinusoidal spaces in the CCP and the capacity of the CCP to expand during erection. Arterial flow to the CCP remains patent during early stages of priapism, but ultimately, it too becomes occluded permanently by clots, edema, or fibrosis.58 Protracted erection in the horse may also damage the pudendal nerves, presumably from tension on the nerves or from compression of the nerves against the ischium, causing paralysis of the penis.53 The end result of unresolved priapism in the horse is impotence caused by loss of both erectile function and sensitivity of the glans and shaft of the penis. Clinical Signs A horse suffering from priapism may not have a full erection, causing the penis to appear to be paralyzed or merely protruded rather than erect. Turgidity of the CCP can be detected when the penis is palpated however, and the engorged penis cannot be reduced manually into the prepuce. Unless properly cared
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 Figure 60-10.  A, Longitudinal section of corpus cavernosum penis (CCP) of a stallion with long-standing priapism. The CCP is hemorrhagic and edematous. B, Longitudinal section of the CCP of a normal gelding.
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 for, the penis and the internal lamina of the prepuce become edematous soon after the onset of priapism.54 Although uncommon, dysuria may be a feature of the condition. The CCP of a horse chronically affected by priapism feels fibrous, and during ultrasonographic examination, it appears to be densely echogenic. A chronically affected horse may not respond when a noxious stimulus is applied to the distal portion of the penis or internal lamina of the prepuce.53 Treatment MEDICAL Horses with priapism have been treated by massaging the penis, by applying an emollient dressing to the penis, and by compressing the penis against the body wall with a sling.54 These treatments, although important in preventing preputial edema and damage to the penile and preputial integument, have no effect on reestablishing normal circulation in the erectile tissue of the CCP. Affected horses have been treated by administration of benztropine mesylate to reestablish normal venous drainage impaired by drugs that cause α-adrenergic blockade, such as acetylpromazine.47,51,59-61 Benztropine mesylate, commonly used to treat people for Parkinson disease, is a synthetic drug created by combining the active portions of atropine and diphenhy dramine.51 This drug is most successful in resolving priapism if treatment is initiated soon after the onset of priapism.51,60 The effects of the drug on horses with priapism are attributed to its anticholinergic effects.51 The usual dose for a horse of average size is 8 mg, administered by slow intravenous injection. Side effects seen at higher dosages include paralytic ileus, impaction, dysuria, and muscular weakness. Terbutaline, a β2-adrenergic receptor agonist, has been used successfully to treat men suffering from priapism and may be effective in treating affected horses.62 Clenbuterol, a β2-adrenergic receptor agonist commonly used in horses to cause bronchodilation, might also be effective. α-Adrenergic agents, such as ephedrine, adrenaline, and phenylephrine, are often injected into the CCP of men in the early stages of priapism to achieve detumescence by promoting contractility of cavernous and arterial smooth muscle.13,47,57,61 Instillation of 10 mg of phenylephrine diluted in 10 mL physiologic saline solution directly into the erect CCP is sometimes effective in resolving priapism of horses, provided that treatment is initiated soon after onset of priapism.63 Phenylephrine can be injected safely into the cavernous tissue of men every 15 minutes until detumescence occurs,13 and the same is probably true for horses. Horses chronically affected by priapism experience only temporary detumescence after this treatment. IRRIGATION OF THE CORPUS CAVERNOSUM PENIS A horse that does not respond within a few hours to cholinergic blockage or to three or more intracavernosal injections of an α-adrenergic agent, such as phenylephrine, should be treated by irrigation of its CCP with heparinized physiologic saline solution (PSS).39 Irrigation of the CCP not only removes sickled erythrocytes, it also improves the acidotic environment within the CCP. The CCP can be irrigated with the horse standing, but the procedure is most easily accomplished with the horse anesthetized and in dorsal recumbency. After preparing the penis and perineal area for aseptic surgery, PSS containing 10 IU heparin/mL is introduced into the CCP under pressure through a large-bore needle (e.g., a 12-gauge needle) inserted into the
 
 turgid CCP just proximal to the glans penis. The PSS, along with the stagnant blood, is exited 10 to 15 cm caudal to the scrotum, either through one or two large-bore needles inserted into the CCP or through a stab incision into the CCP. The CCP is irrigated until fresh blood appears in the efflux. Phenylephrine (10 mg of 1% solution) instilled into the CCP at the end of irrigation may be useful in evacuating fluid from the CCP. Failure of arterial blood to appear in the efflux after stagnant blood has been evacuated indicates that the arteriolar supply to the CCP is permanently damaged and that the horse is likely to be impotent. The stab incision in the tunica albuginea of the CCP is sutured after irrigation is complete. CREATION OF A SHUNT Erection recurs after irrigation if venous outflow remains occluded, provided that arteriolar inflow vessels remain patent. If erection fails to resolve after several irrigations of the CCP, blood trapped in the CCP should be removed by creating a shunt between the CCP and the CSP. The CSP offers a convenient exit for blood trapped in the CCP, because in contrast to the CCP, the CSP does not act as a closed system during erection.47,48 Shunting should be performed before the cavernous tissue or the pudendal nerves become irreversibly damaged, but the time at which damage to the cavernosal tissue becomes irreversible after the onset of priapism has not been determined for horses. The shunt is probably best performed in the perineal region of the horse. It could be created farther distally, but creating it in the perineal region allows a more thorough evacuation of the stagnant blood by irrigation and provides drainage of blood from a greater length of the CCP. Because the CSP is thickest in the perineal region, the urethra is less likely to be perforated during the procedure. To create the shunt, the horse is anesthetized and positioned in dorsal recumbency. The penis and inguinal and perineal regions are prepared for aseptic surgery, and a stallion catheter is inserted into the urethra. A 15-cm incision is created along the perineal raphe, about 4 to 8 cm caudal to the base of the scrotum to expose the penis, and the retractor penis muscle is retracted to expose the bulbospongiosus muscle, which covers the ventral aspect of the CSP. The right or left edge of the bulbospongiosus muscle is elevated from the edge of the urethral groove to expose 4 to 5 cm of the underlying tunica albuginea of the CSP. A 3-cm longitudinal incision is made through the tunica albuginea of the CCP adjacent to the CSP to expose the sinusoidal spaces of the CCP, and stagnant blood is evacuated from the cavernous spaces of the CCP through this incision, using irrigation as described earlier (Figure 60-11). A matching 3-cm longitudinal incision through the tunica albuginea of the CSP is created adjacent to the 3-cm incision into the CCP. The urethral catheter compresses the sinusoidal spaces of the encircling CSP, so the CSP must be incised carefully to avoid extending this incision into the lumen of the urethra. Bright red blood exits from the incised CSP, and at this point of the procedure, suction is usually required to maintain visibility. The medial edge of the incision in the tunica albuginea of the CCP is sutured to the lateral edge of the incision in the tunica albuginea of the CSP with 3-0 or 2-0 absorbable suture material using a simple-continuous suture pattern. To complete the shunt, the lateral edge of the incision into the CCP is sutured to the medial edge of the incision into the CSP using a simple-continuous suture pattern. The bulbospongiosus
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 Figure 60-11.  Cross-sectional view (A) and three-dimensional view (B) showing creation of a vascular shunt between the corpus cavernosum penis (CCP) and corpus spongiosum penis (CSP). 1, Retractor penis muscle (not shown in B); 2, bulbospongiosus muscle; 3, CSP surrounding the urethra; 4, CCP; 5, tunica albuginea of CSP; 6, tunica albuginea of CCP. The medial portion of the incision through the tunica albuginea of the CCP is sutured to the lateral portion of the incision through the tunica albuginea of the CSP. The medial portion of the incision through the tunica albuginea of the CSP is sutured to the lateral portion of the incision through the tunica albuginea of the CCP. The bulbospongiosus muscle is sutured to the tunica albuginea of the CCP.
 
 muscle is sutured to its origin on the tunica albuginea of the CCP at the edge of the urethral groove, and the subcutaneous tissue and skin are apposed. Horses appear to suffer no discomfort after the surgery, and swelling is minimal.59 The stallion should receive no sexual stimulation for at least a month after surgery. Complications of the cavernosal shunt in men include urethrocavernous or urethrocutaneous fistulas, penile gangrene, infection, and a painful CSP during erection.48 Men receiving a shunt for treatment for priapism may become impotent from failure to achieve or maintain pressure in the CCP required for intromission,47,48 and this failure can be the result of damaged cavernous tissue or from the shunt itself.48 The shunt may close as normal blood outflow in the CCP resumes, but whether closure is essential for return of potency is not known. Bulls may become impotent after developing a trauma-induced shunt between the CCP and CSP,37,64 but a shunt created surgically between the CCP and the CSP of normal stallions does not seem to interfere with subsequent erection and ejaculation, even if the shunt does not close.59 In one report, a stallion that developed penile paralysis after suffering from priapism for several days regained normal erectile and ejaculatory function within 1 year after resolution of priapism, even though the horse had received two shunts between the CCP and the CSP.56 Failure of an affected stallion to develop a normal erection after creation of a shunt between the CCP and the CSP is most likely the result of damage to erectile tissue caused by protracted priapism, rather than the result of the shunt. Erectile function in men with cavernosal tissue damaged by protracted priapism has been enhanced by injecting a vasoactive drug, such as papaverine, phenoxybenzamine, or phentolamine, into the cavernosal tissue.47,65 Administering a vasoactive drug into the cavernous tissue may likewise be useful for enhancing erectile function of horses with damaged erectile tissue. Some stallions with damaged erectile tissue may regain the ability to achieve intromission if they are assisted in placing their penis into the vagina of the mare, and some may be trained to
 
 ejaculate into an artificial vagina. If a stallion has decreased penile sensitivity resulting from damage to the pudendal nerves caused by priapism, an antidepressive drug, imipramine, can be administered before breeding to lower the stallion’s ejaculatory threshold.66 PARTIAL PHALLECTOMY Partial phallectomy may be necessary if all other treatments to relieve priapism fail (see “General Surgical Procedures,” later).54,67 Hemorrhage during or after phallectomy may be no worse than that expected during and after amputation of the penis of a horse not affected by priapism, but the remaining portion of the penis may remain erect until the CCP fibroses.
 
 Hypospadias Hypospadias is a congenital anomaly in which the urethral meatus (opening) is situated on the ventral aspect of the penis proximal to its normal location on the glans penis (Figure 60-12). The condition is sometimes accompanied by chordee, or an abnormal ventral curvature of the penis (Figure 60-13). It can also be accompanied by an incomplete prepuce and by stenosis of the urethral meatus 68 The position of the urethral meatus in affected humans is usually glandular, coronal, or subcoronal, but it may be penile, penoscrotal, or perineal.69,70 Associated urogenital anomalies that sometimes accompany hypospadias in affected humans include cryptorchidism, inguinal herniation, and hydrocele. Anomalies of other systems include cleft lip and palate, imperforate anus, and cardiac irregularities.69 The more proximal the urethral defect, the more likely the affected human is to have one or more additional anomalies. Hypospadias results from arrested development of the penis before the penis and urethra are completely formed71 and is probably a manifestation of a wide assortment of endocrino pathies. The condition may result from an inadequate production of androgens by the fetal testes, defective conversion of
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 Intersex Clinical Features Anomalous development of the external genitalia of intersexes confuses their sexual identification. The most common intersex, the male pseudohermaphrodite, usually has a rudimentary penis, which resembles an enlarged clitoris, and prepuce, which resembles a vulva, situated on the midline somewhere between the ischial arch and the normal ventral abdominal location of the preputial orifice (see Figure 59-10).46,80-82 Its testes are usually located within the abdomen or inguinal canals or hidden subcutaneously beneath a moderately developed udder (see Chapter 59). Despite its deceptive feminine appearance, the intact male pseudohermaphrodite displays masculine behavior and is even capable of achieving an erection of the rudimentary penis.
 
 Figure 60-12.  Hypospadias of a stallion. The urethral meatus is located subcoronally and the internal lamina of the prepuce is complete. The stallion also had chordee (see Figure 60-13).
 
 Treatment If the genitalia are located close to the ischium, the pseudohermaphrodite’s appearance can be altered to more closely resemble that of a female by amputating the rudimentary penis and constructing a vulva using the prepuce.46 Alternatively, if the genitalia are less than 15 cm caudal to the inguinal area, the male pseudohermaphrodite’s appearance can be altered to more closely resemble that of a male by cranially rotating the genitalia to a more normal position caudal to the umbilicus.64 The horse should be castrated 4 to 6 weeks before surgery.
 
 Neoplasia Incidence and Etiology
 
 Figure 60-13.  Hypospadias of the stallion in Figure 60-12 was accompanied by chordee, or an abnormal ventral curvature of the penis. Chordee caused this stallion to develop urine-induced dermatitis and discomfort during urination.
 
 testosterone to dihydrotestosterone, or poor sensitivity of the target tissues of the developing external genitalia to androgens.72-74 Hypospadias of men has a familial tendency, but no such tendency for the horse has been reported.69 Hypospadias is the most common congenital urogenital anomaly of men,75,76 but the anomaly is encountered rarely in horses. A Friesian stallion in one report had a 4-cm-long glanular coronal and subcoronal urethral defect,77 and a horse in another report had a urethral defect that extended from the region of the ischium to the glans penis.78 A horse with the anomaly may require no treatment unless the anomaly causes urine-induced dermatitis and discomfort during urination (see Figure 60-13). The most expedient method of resolving the problem may be to amputate the deformed portion of the penis.79 Correcting hypospadias or chordee of a stallion to permit coitus should be discouraged because the condition may be genetic.
 
 The incidence of neoplasia of the external genitalia is second only to that of the skin.83 Neoplasms of the penis and prepuce include squamous papillomas, squamous cell carcinomas, sarcoids, melanomas, mastocytomas, and hemangiomas.84-87 Melanomas are occasionally found on the prepuce of old gray horses,24 and squamous papillomas, the benign counterparts of squamous cell carcinoma, are often found on the external genitalia of young horses88 or adjacent to penile or preputial carcinomas of old horses.89 Squamous cell carcinoma is by far the most common penile and preputial neoplasm.84,89 Genital squamous cell carcinoma may arise de novo or from malignant transformation of a squamous papilloma.88,89 Any papillomatous lesion present on the penis or prepuce of a horse should be considered to be premalignant. Squamous cell carcinoma is usually found on old horses, especially those of breeds with nonpigmented genitalia, such as Appaloosas and American Paint horses.37,85,90 Lack of preputial or penile pigmentation seems to predispose to carcinoma, even though the external genitalia are unexposed to direct sunlight.91 One study performed on mice showed that squamous cell carcinoma may be caused by unidentified carcinogenic agents in smegma,92 but another study, also performed on mice, which used human smegma, was not able to substantiate this finding.93 Regardless of whether smegma contains a carcinogenic agent, it may stimulate neoplastic changes in penile and preputial integument by causing chronic irritation. Geldings and old horses, therefore, may be predisposed to development of genital squamous cell carcinoma, because they produce a greater amount of smegma than do young horses and stallions.91,92 Squamous cell carcinoma occurs most commonly on the glans and internal lamina of the prepuce.89,90 Penile and
 
 preputial squamous cell carcinomas are locally invasive but have a low grade of malignancy and grow surprisingly slowly for carcinomas.85,89,90 Metastasis to the superficial and deep inguinal lymph nodes occurs late in the disease. In one study, 12% of 48 horses affected with penile or preputial squamous cell carcinoma had metastatic involvement of the inguinal lymph nodes.89 Diagnosis Most affected horses are presented for examination when the owner observes the lesion, but some may be presented because of a malodorous, purulent, blood-stained preputial discharge.89,90 The duration of disease is usually unknown but lengthy, because most owners inspect their horse’s penis infrequently.90 Precancerous lesions may appear as a small, heavily keratinized plaque, and cancerous lesions may first appear as a shallow, flat ulceration with an indurated base.85,90,94 Longstanding carcinomas may attain a cauliflower-like excrescence, containing areas of necrosis, ulceration, and hemorrhage that can interfere with coitus or normal protrusion and retraction of the penis (Figure 60-14).95 The tumor can cause dysuria by impinging on the urethra. Most affected horses are also affected by balanoposthitis.87,90 Metastatic spread of penile and preputial squamous cell carcinoma can sometimes be palpated as an enlargement of the inguinal lymph nodes, but mild, metastatic enlargement of the inguinal lymph nodes may be difficult to differentiate from lymphadenopathy secondary to balanoposthitis.89 Penile or preputial squamous cell carcinoma can metastasize to internal organs without causing gross enlargement of the inguinal lymph nodes.96
 
 Figure 60-14.  Squamous cell carcinoma of the inner lamina of the preputial fold.
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 Treatment A variety of treatments for horses affected with squamous  cell carcinoma of the penis or prepuce have been described, including surgical excision, cryosurgery, chemotherapy, and hyperthermia. SURGICAL EXCISION A small lesion on the prepuce can be excised and the wound sutured. Using a carbon dioxide laser to locally excise squamous cell carcinoma from the external genitalia may decrease the incidence of recurrence of the neoplasm.97 Using a laser to excise a neoplasm not only decreases postoperative swelling by sealing lymphatic vessels but also has a thermal killing effect on marginal tumor cells.98 Horses with extensive neoplastic lesions of the external genitalia require preputial reefing or partial phallectomy (see “General Surgical Procedures,” later). Occasionally, neoplasms become so extensive that prescrotal urethrostomy combined with en bloc resection of the penis, prepuce, and inguinal lymph nodes becomes necessary.99 CRYOTHERAPY Cryotherapy is a useful treatment of horses with early squamous cell carcinoma lesions. Cryotherapy can be performed using liquid nitrogen administered as a spray or through a cryoprobe, or using CO2 administered through a cryoprobe. Thermocouple needles in a pyrometer (i.e., tissue temperature indicator) are used to monitor the depth and degree of freezing. A double, fast freeze–slow thaw cycle gives the best results.100 More information on cryosurgery is found in Chapter 14. CHEMOTHERAPY Horses with small genital lesions of squamous cell carcinoma have been treated successfully by applying 5% 5-fluorouracil to the lesions at 14-day intervals.101 Lesions need not be debulked, provided that the lesion is raised no more than to 2 to 3 mm above the surrounding integument. Up to seven treatments may be required to effect resolution of lesions. The drug is also effective in causing regression of preneoplastic lesions to which it is applied. Horses with squamous cell carcinoma of the external genitalia have been treated by intratumoral injection of cisplatin in sesame oil102,103 or by intratumoral implantation of cisplatin beads.104 The drug is administered at a dosage of 1 mg/cm3 tissue every 2 weeks, usually until the tumor has been injected four times. Intratumoral chemotherapy with cisplatin can be used alone for treatment of horses with small tumors or in combination with surgery for treatment of horses with large tumors. Debulking the tumor increases the efficacy of the cisplatin because antineoplastic drugs are most effective when the tumor burden is low.105 Tumor cells still present after the tumor has been excised or debulked are stimulated into active proliferation and hence are more susceptible to cisplatin. Administration of cisplatin treatments intraoperatively and at 2-week intervals appears to result in a better outcome, at least for horses with tumors that have a high proliferation index, than does delaying chemotherapy until the wound has healed.103 Injecting the tumor bed and a margin of normal tissue with cisplatin at the time of surgery and during all phases of wound healing does not have clinically apparent detrimental effects on healing of wounds closed primarily or wounds left open to heal by secondary intention.102,103 (For more information on skin tumor treatments, and chemotherapy in general, see Chapter 29.) Topical
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 or intratumoral chemotherapy is impractical for treatment of horses affected with squamous cell carcinoma that has metastasized to internal organs. Horses affected with metastatic squamous cell carcinoma can be treated with a systemically administered chemotherapeutic agent, such as doxorubicin or piroxicam,106 but little information is available on the efficacy of systemically administered chemotherapy to treat horses for neoplasia. HYPERTHERMIA Radiofrequency-induced hyperthermia has been used to treat horses with sarcoids and cattle and horses suffering from ocular neoplasia.107,108 Although its use to treat horses with genital neoplasia has not been reported, radiofrequency-induced hyperthermia could be useful for treatment of horses with genital neoplasia. Intratumoral hyperthermia is induced by a radiofrequency current of 2 MHz. Using this treatment, the tumor is heated to approximately 50° C for 30 seconds. Large tumors are heated in sections. Multiple treatments are required, but the length of the interval between treatments is determined subjectively. Prognosis In one study of 48 male horses with genital carcinoma, 64.5% of horses were alive 18 months after surgical therapy.89 In another study, about 81% of 45 affected horses survived at least 1 year after surgical therapy with no evidence of recurrence of the disease.90 Both studies found that prognosis for survival was poor if squamous cell carcinoma had metastasized to the inguinal lymph nodes.89 Invasion of the cavernous tissue by squamous cell carcinoma is a pejorative prognostic factor for survival in men109 and is likely to be so in horses as well, because neoplastic invasion into a corporeal body may be more likely to result in hematogenous spread of the neoplasm. In one study, three of four horses that had metastases of penile carcinoma to the abdomen had gross or histologic evidence that the neoplasm had invaded the cavernous tissue.90 Horses that have corporeal invasion by a carcinoma seem to have a high likelihood of abdominal metastases, and therefore laparoscopic examination of the abdomen of a horse that has neoplastic invasion of a corporeal body may be prudent. Invasion of the CSP by a carcinoma may result in stricture of the urethra.110 Because lesions of squamous cell carcinoma sometimes recur, horses should be monitored periodically for recurrence of disease after apparently successful treatment.
 
 anthelmintic drugs infrequently may be more prone to developing genital habronemiasis.111 Pathophysiology Infestation stimulates an acute granulomatous reaction characterized by exuberant granulation tissue that contains numerous small, yellow, hard, caseous granules composed of eosinophils, nuclear remnants, and larvae. The larvae may excrete a substance lytic to the host’s tissue,94 but a local hypersensitivity reaction to the larvae resulting from repeated reinfestation is probably responsible for the extreme granulomatous response.111 The presence of mature Habronema in the stomach may induce a state of general hypersensitivity, because horses affected by cutaneous habronemiasis are almost always heavily parasitized by adult worms. Some horses appear to be more susceptible and are plagued by yearly recurrence of lesions. Clinical Signs The preputial ring and urethral process are the genital sites of predilection. Preputial lesions may appear as ulcerated, red areas demarcated by edges of depigmentation.94 Lesions may be granulomatous and extensive (Figure 60-15). The infested urethral process may be enlarged from periurethral fibrosis, and hyperemic prolapsed mucous membrane may protrude from the urethral orifice.112 Preputial lesions may mechanically impede the telescoping action of the preputial laminae, and lesions of the urethral process may partially obstruct the flow of urine.112 A horse with a distorted urethral process may spray itself or show signs of discomfort during urination. Erosions into the CSP may result in hemorrhage at the end of urination or ejaculation.113 Horses with a genital lesion of cutaneous habronemiasis may have lesions of cutaneous habronemiasis elsewhere on the body. Diagnosis Cutaneous habronemiasis of the external genitalia is usually diagnosed by its typical appearance, but lesions can be confused with squamous cell carcinoma, exuberant granulation tissue, or
 
 Habronemiasis Etiology Cutaneous habronemiasis, also known as “summer sore” or granular dermatitis, is a granulomatous, mildly pruritic disease caused by cutaneous migration and encystment of the larvae of the equine stomach worm Habronema.94,111 Larvae passed in the feces are ingested by fly maggots, and after the maggot pupates, the larvae are deposited on wounds from the feeding fly. The disease appears in spring and summer, when flies are prevalent, and usually disappears with onset of cold weather. The penis and prepuce are common sites of infestation by these larvae because moisture on these structures attracts flies. Horses that tend to protrude their penis while resting and horses that receive
 
 Figure 60-15.  Massive granuloma on the internal preputial lamina caused by cutaneous habronemiasis. This mass was removed by segmental posthetomy.
 
 phycomycosis.111 A nonhealing, granulating wound accompanied by marked circulating eosinophilia is suggestive of the disease. Squeezing the lesion may cause granules to extrude, and occasionally a larva is found if exudate is squeezed onto a slide and examined microscopically. Eosinophils, multinucleated giant cells, granules, and, sometimes, cross sections of larvae can be seen by examining affected tissue histologically.112,114 Treatment NONSURGICAL TREATMENT Lesions are resolved by eliminating the larvae or by reducing the horse’s hypersensitivity to them.111 Ivermectin, administered orally at 200 µg/kg, or organophosphates administered topically, orally, or intravenously have been effective in destroying the larvae.115 Prednisolone, administered orally at 1.5 mg/kg once a day for 10 to 14 days, or diethylcarbamazine, administered orally at 1.5 mg/kg twice a day for 7 to 14 days, has brought about resolution of lesions by diminishing the body’s response to the larvae. Daily topical application of a cream containing an organophosphate, such as trichlorfon, and a  corticosteroid, such as dexamethasone, may bring about  resolution of small granulomatous lesions caused by cutaneous habronemiasis. SURGICAL TREATMENT Elliptical or circumferential resection of fibrotic areas of the internal lamina of the prepuce caused by chronic infestation may be required to restore normal preputial function, and amputation of an affected urethral process may be required to restore normal urination or to prevent hemospermia112 (see “General Surgical Procedures,” later).
 
 Hemospermia Etiology
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 collecting the stallion’s ejaculate with an artificial vagina. Semen of affected horses is usually pink to red, but because blood in amounts too minute to be detected grossly can cause infertility, microscopic examination of the semen may be necessary to detect the condition.23 Microscopic examination of semen may also reveal a large number of white blood cells if septic seminal vesiculitis is the cause of hemospermia. Septic seminal vesiculitis, an occasional cause of hemospermia, may be detected by identifying numerous clumps of purulent material in the semen and by finding blood in the gel fraction of the ejaculate.122 A thickened vesicle filled with echogenic fluid may be seen during transrectal ultrasonographic examination of a septic seminal vesicle. The causative organism of septic seminal vesiculitis can be cultured from fluid obtained directly from the infected seminal vesicle.122,123 Rents in the urethra, a common cause of hemospermia, can be detected by examining the urethra with a sterilized flexible endoscope that is at least 100 cm long. A urethral tear into the CSP appears endoscopically as a 5- to 10-mm-long, linear defect on the convex surface of the urethra, distal to the openings of the bulbourethral glands, near the level of the ischial arch.119,121 The shaft of a hypodermic needle can be introduced percutaneously into the lumen of the urethra at the level of the ischial arch during endoscopic examination to confirm the location of the defect (Figure 60-16). By endoscopically examining the urethra of a horse affected with hemospermia immediately after ejaculation, the examiner may be able to observe blood emanating from an otherwise undetectable rent.23 Urethrography to diagnose urethral lesions has been described.117,118 The penis is radiographed after injecting 180 mL of barium suspension into the urethra. The barium is allowed to drain, 180 mL of air is injected to provide double contrast, and the penis is again radiographed. Bacterial and viral cultures and biopsy and histologic examination of urethral lesions may establish the cause of urethritis.
 
 Hemospermia, or blood in the ejaculate, is an important cause of infertility of stallions and has been attributed to bacterial urethritis occurring usually at the area of the ejaculatory ducts; habronemiasis or neoplasia of the urethral process; improperly fitted stallion rings; seminal vesiculitis; and trauma to the urethral process or glans penis.26,116,117 Viral urethritis has been suspected, but not proved, to cause hemospermia.118 Hemospermia has been reported to occur from urethral rents, the etiology of which is unknown.119 The source of voluminous hemorrhage in the ejaculate is usually the CSP. Hemorrhage from the CSP typically occurs at the end of ejaculation when contraction of the bulbospongiosus muscle causes pressure within the CSP to increase from 17 to nearly 1000 mm Hg.12 Red blood cells in the ejaculate are associated with reduced fertility, even though seminal quality appears otherwise unaffected.117 Red blood cells affect the integrity of the cellular membrane and the motility of spermatic cells.120 Seminal quality is proportional to the degree of contamination. The condition may be more common in Quarter Horses,121 and frequently bred stallions are more often affected.117 Diagnosis Stallions affected by hemospermia may require several mounts to ejaculate and sometimes exhibit pain during erection or ejaculation.121 Blood in the semen is most easily identified by
 
 Figure 60-16.  Endoscopic view of a urethral rent. The shaft of a hypodermic needle has been inserted percutaneously into the lumen of the urethra at the level of the ischium to pinpoint the location of the defect.
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 Treatment NONSURGICAL TREATMENT Sexual abstinence seems to be important in the treatment of stallions affected with hemospermia, regardless of the origin, because erection and contractions of the bulbospongiosus muscle during ejaculation dilate and further traumatize the urethra.117,121 Medical treatment of affected horses has included intravenous administration of formaldehyde solution, oral administration of methenamine, and systemic administration of antimicrobial drugs.118 Horses affected with hemospermia caused by septic seminal vesiculitis should receive antimicrobial therapy that is effective against the causative organism. Systemic administration of antimicrobial drugs to stallions affected with septic seminal vesiculitis is often ineffective because antimicrobial drugs diffuse poorly into the gland. Infusing the appropriate antimicrobial drug directly into the seminal vesicles after the vesicles have been lavaged may be a more effective treatment.122 Horses with low-grade hemospermia have been managed by adding an extender to the semen to dilute the effect of the red blood cells on the spermatozoa,116,124 but adding semen extender is probably ineffective because the deleterious effects occur as soon as blood contacts the spermatozoa.120 SURGICAL TREATMENT Temporary perineal urethrostomy combined with sexual rest has been effective in eliminating hemospermia caused by a urethral lesion.118,119,121 Eleven of 15 affected horses were successfully treated by temporary subischial urethrostomy and daily installation of suppositories of nitrofurazone and hydrocortisone into the urethra, although two stallions developed a urethral fistula.121 These investigators offered no sound rationale for the relatively high incidence of success of temporary urethrostomy, but other investigators implied that topical application of antimicrobial drugs to lesions of bacterial urethritis is responsible for resolution of hemospermia.117 More likely, success of temporary subischial urethrostomy in eliminating hemospermia should be attributed to decreased pressure in the CSP and diversion of blood flow from the urethral lesion. When the bladder has been emptied, the bulbospongiosus muscle contracts to expel urine that remains in the urethra. Incising the CSP at the ischium decreases the pressure gradient between the urethral lumen and the CSP at the end of urination and diverts blood flow from the urethral lesion to the temporary urethrostomy, thus permitting healing of the urethral mucosa and underlying tunica albuginea of the CSP (see “Hematuria,” later). Simply incising the convex surface of the tunica albuginea of the CSP at the ischium, without exposing the lumen of the urethra, may be as effective as temporary urethrostomy for eliminating hemospermia, and the risk of the stallion developing a urethral fistula is eliminated. This theory, however, has not been clinically evaluated. The urethral rent of one stallion, which failed to heal despite subjecting the stallion to prolonged periods of enforced sexual inactivity, healed after it was covered with buccal mucosal graft inserted through a temporary perineal urethrostomy, resolving the hemospermia.125 The ventral portion of the perineal urethrostomy, below the graft was left unsutured. Whether the  graft was accepted at the recipient site on the urethra was not reported. A simpler method of effecting healing of a urethral rent is to suture the rent.126 The urethral rent can be sutured through a
 
 perineal incision if perineal incision into the CSP or temporary perineal urethrostomy is unsuccessful in allowing the rent to heal by second intention. To prepare for primary closure of a urethral rent, an endoscope is inserted into the urethra so that the rent can be observed. Two 3.81-cm, 20-gauge needles are inserted through the skin of the perineum and advanced so that the shafts of the needles emerge in the urethral lumen at the proximal and distal ends of the rent. The perineum is incised as if a perineal urethrostomy was to be performed, but the incision extends only into the CSP and not through the urethral mucosa. The rent in the urethral mucosa is identified between the shafts of the needle and is closed, using endoscopic guidance, with 3-0 absorbable suture material using a simplecontinuous suture pattern. The sutures should incorporate the tunica albuginea of the CSP. The perineal incision can be left open to heal by second intention, or it can be sutured in layers. Sutured layers should include the incisions into the tunica albuginea of the CSP, the bulbospongiosus muscle, subcutaneous tissue, and skin.
 
 Hematuria Etiology Hematuria can originate from the kidney, ureter, bladder, urethra, or reproductive organs.113,116 Causes of hematuria include renal, ureteral, vesicular, or urethral calculi; renal, and vesicular neoplasia; and pyelonephritis. Terminal hematuria (i.e., hematuria that occurs at the end of urination) is associated with a lesion located at the proximal portion of the urethra and the trigone of the bladder. Hematuria associated with a rent of unknown cause at the proximal portion of the urethra has been observed in geldings.119 The urethral rent appears to be identical to that often seen in stallions with hemospermia (see “Hemospermia,” earlier). The cause of urethral rents is idiopathic, but the reason the rent occurs invariably at the level of the ischial arch may be explained by the anatomy of the urethra. The diameter of the urethral lumen is approximately 1 to 1.5 cm at the origin of the urethra.4 The lumen dilates to 3.5 to 5 cm in the pelvic portion of the urethra (i.e., at the pars pelvina) and decreases dramatically in diameter to 1 to 1.5 cm where the urethra bends sharply as it crosses the ischial arch. The sharp turn and the narrowing of the urethral lumen in the area of the ischial arch may expose the convex surface of the urethra at the level of the ischial arch to hydrodynamic forces not encountered by other portions of the urethra. Pathophysiology Because urethral rents communicate with the CSP, hemorrhage through the rent into the urethral lumen was thought to occur when pressure within this cavernosal space increases at the end of urination when the bulbospongiosus muscle contracts to expel the last vestige of urine.100 Research, however, showed that the rise in pressure within the CSP associated with contraction of the bulbospongiosus muscle is slight. Investigators theorized that the most likely explanation for terminal hemorrhage in horses with a urethral rent is that the intraluminal urethral pressure suddenly decreases at the end of urination while the pressure in the CSP remains high.127 Even though the lesion in stallions is identical in appearance to that responsible for hematuria of geldings, the lesion in
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 stallions rarely causes macroscopic hematuria.113,119 The reason for the difference in clinical signs between stallions and geldings is probably that during urination, pressure within the CSP of geldings is nearly double that of stallions.127 The CSP of geldings is not as well developed as that of stallions, and the difference in volume of the cavernosal space between geldings and stallions results in different pressures in the CSP at the end of urination. Diagnosis Blood in urine that results from a urethral rent is characteristically discharged at the end of urination (i.e., terminal hematuria).119 Occasionally, a horse with a urethral rent shows signs of dysuria, such as tenesmus at the end of urination. Endoscopic examination of the urethra reveals a 5- to 10-mm linear urethral defect on the convex surface of the urethra, distal to the openings of the bulbourethral glands, near the level of the ischial arch. Gross evidence of inflammation around the defect is not observed.
 
 Figure 60-17.  Segmental posthetomy. A cuff of epithelium is removed from the shaft of the penis.
 
 Treatment Some urethral rents heal spontaneously,128 but horses with hematuria caused by a urethral rent can be treated successfully by temporary perineal urethrostomy (see “Temporary Perineal Urethrostomy,” later, for a description of the surgical technique).113,119,121 Surgery eliminates hematuria, presumably by reducing vascular pressure in the CSP, which prevents escape of blood through a rent at the end of urination, thereby allowing the rent to heal. A perineal incision that extends into the CSP but does not penetrate the urethra seems to be as effective as temporary urethrostomy in eliminating hematuria and may reduce the risk of complications associated with temporary urethrostomy, such as development of a urethral fistula121 or stricture.129 Although horses may bleed substantially from the perineal wound, especially at the end of urination, macroscopic hemorrhage from the urethral orifice and evidence of pain during urination are not observed after surgery.
 
 GENERAL SURGICAL PROCEDURES Segmental Posthetomy Indications Segmental posthetomy, or resection of a circumferential segment of the internal preputial lamina, is indicated for removal of preputial neoplasms, granulomas, or scars so extensive that simple excision of the lesion is impossible. Other terms for the procedure include posthioplasty, circumcision, and reefing.130 Provided that the preputial lesions do not involve the underlying tunica albuginea, penile amputation can be avoided by segmental posthetomy. By removing most of the internal lamina of the prepuce, a paralyzed penis can be maintained permanently within the preputial cavity.38 Surgical Technique Segmental posthetomy can be performed with the horse standing after anesthetizing the pudendal nerves (see “Diagnostic Procedures,” earlier), but the procedure is most easily and safely accomplished with the horse anesthetized and positioned in
 
 dorsal or lateral recumbency. The urethra is catheterized, and the penis is extended by traction on gauze looped around the collum glandis. A tourniquet placed proximal to the surgical site may facilitate surgery. Parallel circumferential incisions through the preputial epithelium are created distal and proximal to the lesion, and these incisions are connected by a longitudinal incision (Figure 60-17). Care must be taken to avoid severing the large longitudinal subcutaneous branches of the external pudendal arteries and veins that lie superficial to the tunica albuginea. When segmental posthetomy is performed to maintain a paralyzed penis within the external lamina of the prepuce (i.e., Adam’s procedure), the distal circumferential incision should be made through the penile epithelium at the level where the internal preputial lamina inserts on the free body of the penis. The proximal circumferential incision should be made close to the preputial orifice.38,131 The cuff of integument between the incisions is dissected from the penis with scissors, taking care to avoid the large vessels. Normal alignment of tissue is maintained by placing four sutures at equidistant points around the circumference of the penis before the cuff of tissue is removed. The tourniquet is released, and all bleeding vessels are identified and ligated with absorbable sutures or cauterized. Loose adventitia is apposed with interrupted 2-0 absorbable sutures. The epithelium is apposed with interrupted 0 or 2-0 absorbable or nonabsorbable sutures. When nearly all of the internal lamina is excised to permanently retain a paralyzed penis within the preputial cavity, the surgeon is faced with the difficult task of suturing a small  distal circumferential incision to a much larger proximal circumferential incision.38 To accomplish this, the length of the proximal circumferential incision can be decreased by removing two triangles of epithelium from the internal lamina proximal to the posthetomy, on each side of the penis. The triangles are about 3 cm wide and 4 cm long, and the base of each triangle is the circumferential incision. Suturing the sides of the triangles decreases the circumference of the proximal incision.
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 Aftercare Stallions should wear a stallion ring for at least 2 weeks and must be isolated from mares for 2 to 4 weeks.132 Regular exercise reduces postoperative edema. Nonabsorbable sutures should be removed 10 to 12 days postoperatively.
 
 Bolz Technique of Phallopexy Indication The Bolz procedure is a technique used to permanently retract a paralyzed penis into the preputial cavity and is performed to avoid partial phallectomy.41 This method of permanent retraction cannot be used if the penis or internal lamina of the prepuce is badly damaged or if the horse is still capable of attaining an erection. Damaged sections of prepuce, however, can be removed by segmental posthetomy during the same procedure. Surgical Technique The horse is anesthetized and positioned in dorsal recumbency. The urethra should be catheterized for easy identification. A 10-cm longitudinal incision is made on the perineal raphe just caudal to the scrotum (Figure 60-18, A), and the penis is bluntly separated from surrounding fascia, taking care to avoid damaging the surrounding large pudendal vessels (see Figure 60-18, B). The penis is retracted until the annular ring of the reflection of the internal preputial lamina onto the free body of the penis is visible at the cranial extent of the incision (see Figure 60-18,
 
 A
 
 C). The penis is anchored in this position with two heavy, nonabsorbable percutaneous sutures through the annular ring on each side of the penis. The anchoring sutures should penetrate the skin 2 to 4 cm from the incision at about the level of the middle of the incision. The sutures are inserted through the annular ring on the lateral surface of the penis, taking care to avoid entering the preputial cavity, the urethra, or cavernous tissue. An assistant should palpate the fornix of the preputial cavity during placement of the sutures through the annular ring to ensure that the sutures do not penetrate the preputial epithelium. The sutures exit the skin 2 to 3 cm from their entry points. They are tightened until the glans penis is flush with the preputial orifice and tied over rolls of gauze or large buttons to prevent the suture from cutting through the skin (see Figure 60-18, D). The subcutaneous tissue and skin are each closed separately. The percutaneous anchoring sutures are removed after 10 to 12 days, at which time adhesions of sufficient strength to maintain the penis in its retracted position have formed. Necrosis of skin beneath the rolls of gauze is inevitable, but the technique allows adjustment of tension on the percutaneous sutures and repositioning of the penis. Precise positioning of the penis in the prepuce is important because, if the penis is inadequately retracted, the glans penis may protrude excessively through the preputial orifice, or if the penis is excessively retracted, the horse may develop urine scald from urinating in the preputial cavity. Two heavy absorbable sutures, substituted for the nonabsorbable percutaneous sutures, can be used to anchor the annular ring to the subcutaneous fascia.133 Necrosis of skin is avoided, but the sutures cannot be adjusted after surgery.
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 Figure 60-18.  A, Bolz technique of phallopexy. A 10-cm incision is made on the perineal raphe just caudal to the scrotum. B, The penis is bluntly separated from surrounding fascia, taking care to avoid damaging the surrounding large pudendal vessels. C, The penis is retracted until the annular ring of the reflection of the internal preputial lamina onto the free body of the penis is visible at the cranial extent of the incision. The penis is fixed in this position with two heavy nonabsorbable percutaneous sutures through the annular ring on each side of the penis. D, The sutures are tightened until the glans penis is flush with the preputial orifice and are tied over rolls of gauze or large buttons to prevent the suture from cutting through the skin. The subcutaneous tissue and skin are closed separately.
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 Aftercare The horse should be walked daily to minimize swelling, and heavy exercise can be resumed 2 to 3 weeks after the skin sutures have been removed. Retraction distorts the penis into a sigmoid curvature with acute bends, but penile blood supply and urination remain unaffected. The horse can be castrated during the same procedure, using either an inguinal or a scrotal approach, but the incision should be sutured because an open inguinal or scrotal wound may interfere with healing around the anchoring sutures. If the horse is castrated before the procedure and the scrotal wound is left unsutured to heal by secondary intention, the surgeon is confronted with the tedious task of caring for the protruded penis for several weeks while the scrotal incision heals.
 
 Amputation of the Urethral Process Indications The urethral process is most commonly excised to remove a granuloma caused by cutaneous habronemiasis, when the affected horse fails to respond to medical therapy.112 The urethral process is sometimes excised to remove a neoplastic lesion.116 Patient Preparation The urethral process can be amputated with the horse standing and sedated after infiltrating the base of the urethral process with a local anesthetic agent, but the procedure is most easily and safely accomplished with the horse anesthetized and in dorsal recumbency.112 The penis is prepared for aseptic surgery, and a urinary catheter is passed into the urethra. After placing traction on the urethral process with one or two Allis tissue forceps, two small-gauge needles (e.g., 23 or 25 gauge) are placed through the urethral process and the catheter at right angles to each other, proximal to the diseased portion of the urethral process (Figure 60-19). These needles anchor the urethral process to the catheter, making the incised margin of the process more stable and accessible for suturing.
 
 Figure 60-19.  This urethral process was amputated to eliminate hemospermia caused by carcinoma of the urethral mucosa. The urethral process was stretched with tissue forceps, and two small-gauge needles were placed through the urethral process and the catheter at right angles to each other, proximal to the diseased portion of the urethral process, to anchor the urethral process to the catheter.
 
 and although this fibrous tissue may tear during copulation, it usually heals without complication.
 
 Partial Phallectomy Indications Partial phallectomy is indicated when permanent penile paralysis is accompanied by irreparable penile damage, and more commonly, when neoplasia has invaded the tunica albuginea or is so extensive that more conservative treatment by cryosurgery, hyperthermia, local excision, or segmental posthetomy is impossible. For geldings, partial phallectomy may be the most expedient means of treating urethral stenosis distal to the preputial orifice. Partial phallectomy of stallions is generally performed to salvage the horse for purposes other than breeding, but amputation of just the glans penis may not interfere with copulation.134
 
 Surgical Technique A circumferential incision extending through the skin, CSP, and urethral mucosa is made around the base of the urethral process proximal to the affected tissue and distal to the anchoring  hypodermic needles. The urethral mucosa is apposed to the epithelium of the remaining stump of the process with simpleinterrupted or simple-continuous sutures of 4-0 or 5-0 absorbable suture.116 The sutures should be closely spaced to compress the erectile tissue of the CSP. A simple-continuous suture pattern is probably more effective than a simple-interrupted one in compressing the erectile tissue of the CSP. The entire length of the process can be removed. Aftercare Stallions and recently castrated geldings should be isolated from mares for at least 3 weeks. Hemorrhage from the stump of the process, especially at the end of urination, should be expected for at least several days after the urethral process has been amputated. Fibrosis may occur at the site of amputation,
 
 Patient Preparation If possible, a stallion should be castrated 3 to 4 weeks before partial phallectomy, to avoid postoperative erection, which leads to hemorrhage and suture dehiscence. The procedure can sometimes be performed with the horse standing and sedated after anesthetizing the pudendal nerves or performing a ring block proximal to the site of amputation (see “Diagnostic Procedures,” earlier),27,135 but the procedure is most easily performed with the horse anesthetized and positioned in lateral or, preferably, dorsal recumbency. The urethra is catheterized with an equine male urinary catheter, and the penis is extended with gauze looped around the collum glandis. A tourniquet placed proximal to the proposed site of transection facilitates surgery. Surgical Techniques VINSOT TECHNIQUE OF PARTIAL PHALLECTOMY One of the simplest techniques of phallectomy is the Vinsot procedure.46,136 A triangular section of tissue that includes
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 Figure 60-21.  A bander castration device (Callicrate Bander) with a latex loop (ES-10) can be applied to the penis slightly proximal to the site of transection to prevent hemorrhage from the penile stump after partial phallectomy.
 
 Figure 60-20.  Vinsot technique of phallectomy. A triangular section of tissue is removed from the ventrum of the penis proximal to the proposed site of transection, taking care not to enter the urethral lumen. The exposed urethra is incised on its midline from the base to the apex of the triangle, and the incised edges of the urethra and the triangle’s epithelial border are apposed with absorbable sutures in a simple-  interrupted pattern. A nonabsorbable ligature is placed around the penis distal to the apex of the triangle, and the penis is severed distal to the ligature.
 
 epithelium, fascia, bulbospongiosus muscle, and CSP is removed from the ventrum of the penis proximal to the proposed site of transection, taking care not to enter the urethral lumen (Figure 60-20). The triangle has a 2.5-cm base and 4-cm sides. Its apex points distad and is located about 4 or 5 cm proximal to the proposed site of transection. The exposed urethra is incised on its midline from the base to the apex of the triangle, and the incised edges of the urethra and the triangle’s epithelial border are apposed with simple-interrupted or simple-continuous absorbable sutures. The sutures should include the tunica albuginea of the CSP, and they should be closely spaced to compress the erectile tissue of the CSP. A simple-continuous suture pattern is probably more effective than a simple-interrupted one in compressing the erectile tissue of the CSP. The diseased portion of the penis is removed 4 to 5 cm distal to the urethrostomy using a wedge-shaped incision. Large vessels on the dorsal and lateral aspects of the tunica albuginea are ligated with absorbable suture material, and the corporeal bodies are compressed with absorbable sutures placed through the tunica albuginea in an everting or appositional pattern. The penile or preputial integument is sutured with absorbable or nonabsorbable sutures placed in an everting or appositional pattern. Instead of suturing the end of the stump, the surgeon can leave it unsutured to heal by secondary intention. To prevent hemorrhage from the corporeal bodies, a tightly fixed, nonabsorbable ligature is placed around the penis 2 to 3 cm distal to the apex of the triangle, before the penis is transversely severed 1 to 2 cm distal to the ligature. A bander castration device (Callicrate Bander) with a latex loop (ES-10) is effective in maintaining continuous, maximal pressure on the stump of the penis to prevent hemorrhage from the corporeal tissue and the vasculature (Figures 60-21 and 60-22).135 Rather than removing a triangle of tissue overlying the urethra, the technique can be simplified by making a 4- to 5-cm longitudinal incision into the urethral lumen.135,137 The incised
 
 Figure 60-22.  When performing a partial phallectomy using the Vinsot technique, the surgeon can leave the transected end of the penis unsutured to heal by secondary intention. To prevent hemorrhage from the corporeal bodies, a tightly fixed nonabsorbable ligature is placed around the penis 2 to 3 cm distal to the newly created stoma, before the penis is transversely severed 1 to 2 cm distal to the ligature. The ligature used to compress the stump of the penis of this horse was a latex loop applied with a bander castration device, both of which are shown in Figure 60-21.
 
 edges of the urethra and the integument are apposed with simple-interrupted or simple-continuous absorbable sutures. These sutures incorporate and compress the cavernous tissue of the CSP. The Vinsot technique, especially its modification,135,137 can often be performed with the horse standing. Primary disadvantages of the technique, or its modification, are the tendency of the urethra to stricture and the tendency for some horses to develop urine-induced contact dermatitis.46,135 WILLIAMS TECHNIQUE OF PARTIAL PHALLECTOMY The likelihood of urethral stricture and urine-induced contact dermatitis is decreased when the Williams technique of partial phallectomy is employed.134 With this technique, a triangle of tissue with similar dimensions to those described in the Vinsot technique is removed from the ventrum of the penis (Figure 60-23, A). The triangle’s apex is directed proximad, rather than distad, and the base of the triangle is the site of penile transection. The urethra is split on its midline from the base to the apex of the triangle, and the incised edge of the urethra and  the triangle’s epithelial edge are apposed with 3-0 simple-  interrupted or simple-continuous absorbable sutures. These sutures incorporate and compress the cavernous tissue of  the CSP. A simple-continuous suture pattern is probably more
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 Figure 60-23.  A, Williams technique of phallectomy. A triangle is removed from the ventrum of the penis. The triangle’s apex is directed proximad. The urethra is split on its midline from the base to the apex of the triangle, and the edges of the urethra and the triangle’s epithelial edges are apposed with simple-interrupted absorbable sutures. B, Before closing the stump, the transected edge of the CSP at the base of the triangle can be compressed with a simple-continuous absorbable suture line through the urethral mucosa and tunica albuginea. C, The stump is closed with interrupted sutures that pass through the urethra, the tunica albuginea of the urethral groove, and the tunica albuginea of the dorsum of the corpus cavernosum penis (CCP) and the penile or preputial epithelium. The sutures should be preplaced at equidistant intervals for an even closure. D, The sutures are tightened and tied, compressing the cavernous spaces; and the epithelium is apposed to the urethral mucosa.
 
 effective than a simple-interrupted one in providing compression. The urethral catheter is removed, and the penis is obliquely transected at the base of the triangular urethrostomy in a craniodorsal direction, so that the dorsum of the penile stump is longer than the ventrum (see Figure 60-23, B). Large branches of the external pudendal vessels that reside in loose fascia on the dorsal and lateral aspects of the tunica albuginea are ligated with absorbable suture. The transected edge of the CSP at the base of the triangle can be compressed by placing a simpleinterrupted or simple-continuous pattern of 3-0 absorbable sutures through the urethral mucosa and tunica albuginea at the base of the triangle. The rest of the stump, including the CCP, is closed with interrupted absorbable or nonabsorbable sutures that pass through the urethra, the tunica albuginea of the urethral groove, and the tunica albuginea of the dorsum of the CCP and the penile or preputial epithelium (see Figure 60-23, D). The sutures should be preplaced at equidistant intervals for an even closure. When these sutures are tightened and tied, the erectile bodies are compressed, and the epithelium is apposed to the urethral mucosa (see Figure 60-23, E). Alternatively, after compressing the CSP at the base of the triangle, the stump can be closed by first suturing the urethral mucosa and tunica albuginea of the urethral groove to the tunica albuginea of the dorsum of the CCP with interrupted absorbable sutures placed at bisecting
 
 intervals. Then the penile or preputial integument is sutured to the urethral mucosa with interrupted absorbable or nonabsorbable sutures. Suturing the stump in this manner necessitates placing three rows of sutures through the urethral mucosa and CSP but ensures good compression of corporeal tissue. SCOTT TECHNIQUE OF PARTIAL PHALLECTOMY With this technique, a circumferential transverse incision through the epithelium of the body of the penis or prepuce is made at the intended site of transection, and branches of the external pudendal vessels are ligated.95 Dissection is continued through the CCP to the urethral groove. The CSP is circumferentially incised to the urethra, which is easily identified by the urinary catheter in its lumen, and a 4- to 5-cm segment of urethra is dissected free from the amputated section of penis (Figure 60-24, A). The stump of the CCP is closed by apposing the outer perimeter of its tunica albuginea to the tunica albuginea of the urethral groove with interrupted absorbable sutures preplaced at equidistant intervals (see Figure 60-24, B). The sinusoidal spaces of the CSP are closed by suturing the tunica albuginea surrounding the CSP to the submucosa of the urethra with interrupted or continuous absorbable sutures (see Figure 60-24, C). The urethral stump is divided into three equal triangular segments, with the apex of each triangle pointing distad. These
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 D C Figure 60-24.  Scott technique of phallectomy. A, A circumferential transverse incision through the epithelium of the body of the penis or prepuce is made at the intended site of transection. Dissection is continued through the corpus cavernosum penis (CCP) to the urethral groove. The corpus spongiosum penis (CSP) is circumferentially incised to the urethra, and a 4- to 5-cm segment of urethra is dissected free from the amputated section of penis. B, The stump of the CCP is closed by apposing the outer perimeter of its tunica albuginea to the tunica albuginea of the urethral groove with interrupted absorbable sutures preplaced at equidistant intervals. C, The sinusoidal spaces of the CSP are closed by suturing the tunica albuginea surrounding the CSP to the submucosa of the urethra with interrupted or continuous absorbable sutures. D, The urethral stump is stretched and folded back over the end of the penis, where it is sutured to the penile or preputial epithelium and underlying tunica albuginea.
 
 segments are intermeshed with similarly prepared segments of penile or preputial integument and are apposed with simpleinterrupted absorbable or nonabsorbable sutures. Sutures should include underlying tunica albuginea. Instead of dividing the urethral stump into three triangles, the urethral stump can be stretched and folded back over the end of the penis, where it is sutured to the penile or preputial epithelium and underlying tunica albuginea (see Figure 60-24, D). PARTIAL PHALLECTOMY BY EN BLOC RESECTION WITH PENILE RETROVERSION Removal of the free portion of the penis, the internal lamina and external lamina of the prepuce, and regional lymph nodes may be indicated when these structures are extensively affected with neoplasia.99 With this technique of partial phallectomy, a fusiform incision is created around the preputial orifice. The
 
 incision begins 6 cm cranial to the orifice and ends 10 cm caudal to it. The incision is carried to the deep fascia of the abdominal tunic, and if neoplasia has metastasized to the superficial lymph nodes, dissection is extended through this plane to both superficial inguinal rings, and the superficial inguinal lymph nodes are removed. The penis is amputated approximately 6 to 8 cm caudal to the fornix of the prepuce, and the amputated portion of the penis and the prepuce are removed en bloc. The penile shaft is amputated using a method similar to that described by Scott, so that 4 cm of urethra is left protruding from the penile stump95 (Figure 60-25, A). The technique can be modified by amputating the penis using the Williams or Vinsot technique of partial phallectomy.138 By bluntly separating penile fascia, the stump of the penis is retroverted through a 6-cm subischial incision created approximately 20 cm ventral to the anus, so that its distal end points
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 inguinal lymph nodes, if neoplasia has metastasized to these structures. Blunt dissection is continued into the loose areolar tissue  of the prepuce, ligating large vessels as they are encountered. After the shaft of the penis is exposed, dissection is redirected along the shaft of the penis in a plane superficial to the loose subcutaneous tissue overlying the vasculature of the penis. At least 10 cm of the shaft should be exposed. A tourniquet is applied around the shaft of the penis proximal to the site of amputation. The dorsal arteries and veins of the penis are ligated and transfixed to the tunica albuginea. The penis is transected caudal to the fornix of the prepuce, using the method described by Williams.134 After the tourniquet is removed, the stump is fixed to the body wall on the midline with heavy absorbable interrupted sutures. The subcutaneous tissue cranial to the penile stump surrounding the exposed penile shaft is apposed. Skin is sutured to the tunica albuginea and the urethral mucosa of the new urethral orifice. The skin cranial and caudal to the urethral orifice is sutured. This technique of en bloc resection requires a smaller incision and results in less alteration to the appearance of the horse than does the retroversion technique, while still allowing the surgeon to remove extensive portions of the penis and extirpate the regional lymph nodes.139 Aftercare
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 Figure 60-25.  En bloc resection of the penis. A, Four centimeters of urethra is left beyond the penile stump. B, The position of the penile stump when retroverted is demonstrated. (From Markel MD, Wheat JD, Jones K: Genital neoplasms treated by en bloc resection and penile retroversion in horses: 10 cases 1977-1986. J Am Vet Med Assoc 192:396, 1988)
 
 caudad and extends just beyond the subischial incision (see Figure 60-25, B). The tunica albuginea of the CCP and the fascia of the penis are sutured to the subcutaneous tissue of the subischial incision. The ventral aspect of the urethra is incised longitudinally over its 4-cm length, and the edges of the urethra are sutured to the surrounding edges of the incised subischial skin. Penrose drains are placed deeply at the cranial incision, and the subcutaneous tissue and skin are each closed separately. PARTIAL PHALLECTOMY BY EN BLOC RESECTION WITHOUT PENILE RETROVERSION This technique of phallectomy is similar in many respects to phallectomy by en bloc resection with penile retroversion, but with this technique, the stump of the penis is not retroverted but is maintained in its normal ventral position.139 With this technique, a fusiform incision is created on the midline beginning at the umbilicus. The incision extends caudad on each side of the preputial orifice and continues on the midline to a point 10 cm caudal to the preputial orifice. The caudal portion of the incision is extended and deepened to expose and remove the
 
 Because the procedure is generally performed to salvage the horse for purposes other than breeding, stallions should be castrated several weeks in advance of partial phallectomy. Stallions and recently castrated geldings should be isolated from mares for 2 to 3 weeks and should wear a stallion ring on the penile stump during this time. Complications Hemorrhage from the penile stump, especially at the end of urination, should be expected for at least several days after partial phallectomy. Hemorrhage usually emanates from the CSP. Partial phallectomy of geldings is attended by less hemorrhage than partial phallectomy of stallions. Excessive hemorrhage may be caused by minor dehiscence, which is usually of no consequence. Dehiscence of sutured erectile tissue may lead to the formation of a large hematoma. Other complications of partial phallectomy in the immediate postoperative period include pain (which can be severe with en bloc resection), infection of the surgical wound, edema of the prepuce, and acute urinary obstruction caused by edema of the urethra.89,90,99,139 Long-term complications include chronic recurrent cystitis, urine-induced dermatitis, dysuria caused by urethral stricture, recurrence of neoplasia at the site of amputation, and neoplastic metastases to inguinal lymph nodes and internal organs.
 
 Temporary Perineal Urethrostomy Indications Temporary urethrostomy at the ischial arch is performed to provide access to small cystic calculi, to treat horses affected with hemospermia or hematuria, and to divert the flow of urine from the penile urethra for such conditions as urethral laceration or urethral urolithiasis.
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 Surgical Technique Temporary perineal urethrostomy is best performed with the horse standing and sedated after administering epidural anesthesia or infiltrating the tissue at the proposed site of incision with a local anesthetic agent. A 6- to 8-cm vertical incision is created on the perineal raphe about 2 to 3 cm below the anus. The incision is extended through the skin, the retractor penis and bulbospongiosus muscles, the CSP, and the urethral mucosa (see Figure 60-2). Preoperative insertion of a large-bore urethral catheter facilitates identification of the urethra. The perineal incision should “funnel” to a short urethral incision as it deepens to avoid postoperative pocketing of urine in the tissues. If the incision strays from the midline, profuse hemorrhage can result from laceration of branches of the external pudendal artery.36 The urethrostomy is generally allowed to heal by secondary intention; development of clinically apparent urethral stenosis after this procedure is rare. The urethrostomy normally heals within 2 weeks.127
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 Vulva, Vestibule, Vagina, and Cervix J. Brett Woodie
 
 The caudal aspect of the reproductive tract is composed of the vulva, vestibule, vagina, and cervix. These structures are susceptible to a variety of injuries during breeding and foaling. Conformational abnormalities of the caudal reproductive tract may predispose the mare to pneumovagina, pooling of urine, and other problems. Ultimately problems associated with the caudal reproductive tract can lead to infertility.
 
 ANATOMY The external genitalia of the mare are the perineum and the vulva. The perineum is defined as the region bound dorsally by the base of the tail, laterally by the semimembranosus muscles and sacrosciatic ligaments, and ventrally by the ventral commissure of the vulva (Figure 61-1).1 The vulva includes the two labia and the clitoris. The external orifice of the vulva is typically 12 to 15 cm long.2 The labia of the vulva in their normal position should be vertical and meet dorsally to form the dorsal commissure, which is located just ventral to the anus. The labia should meet ventrally to form the ventral commissure, which should be located caudal and ventral to the ischial arch. Approximately two thirds of the vulvar cleft should be ventral to the ischial arch.3 Normally, the labia of the vulva are muscular and resist manual separation. The constrictor vulvae muscle lies deep to the skin of the labia. The internal pudendal vessels provide vascular supply to the vulva, its labia, and the clitoris. The pudendal and caudal rectal nerves provide motor innervation to the muscles of the vestibule and vulva.4 These nerves also supply sensory fibers to the mucous membrane of the vulva and the skin of the labia.4 The fibromuscular perineal body lies between the anus and the vulva. The perineal body is formed by the fibers of the
 
 external anal sphincter and the constrictor vulvae muscles (Figure 61-2). The clitoris is the homologue of the penis and is located at the ventral commissure of the vulvar labia. The clitoral glans is approximately 2.5 cm in diameter and contains erectile tissue similar to that of the corpus cavernosum penis. The clitoral fossa that surrounds the glans is located laterally and ventrally. The
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 Figure 61-1.  Muscles of the perineal region. a, Retractor clitoridis; b, external anal sphincter (cranial superficial part); c, levator ani; d, subanal loop of levator ani; e, ventral part of levator ani; f, urethralis; g, external anal sphincter (caudal superficial part); h, perineal septum; i, crus clitoridis (cut); j, constrictor vestibuli; k, constrictor vulvae.
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 There are essentially three protective barriers in the caudal reproductive tract. The constrictor vulvae muscles of the labia form the first barrier, the second is the vestibular sphincter, and the cervix is the third. When any of these barriers becomes incompetent, contamination of the reproductive tract may occur and result in infertility.
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 Figure 61-2.  Drawing of a sagittal section of the muscles that are part of the vulvar and vestibular sphincters and the perineal body. a, External anal sphincter; b, internal anal sphincter; c, internal anal sphincter; d, external anal sphincter; e, muscular fibers from external anal sphincter to constrictor vulvae; f, cranial superficial part and deep part of external anal sphincter; g, rectal musculature; h, rectovaginal septum; i, vaginal musculature; j, vaginal musculature; k, rectal part of retractor clitoridis; l, clitoral part of retractor clitoridis; m, subanal loop of levator ani; n, decussation of retractor clitoridis; o, perineal septum; p, clitoral sinus; q, glans clitoris; r, clitoral fossa.
 
 body of the clitoris is approximately 5 cm in length and is attached to the ischial arch by two crura.2 The vestibule is the terminal part of the genital tract. It is a tubular structure approximately 12 to 15 cm long that connects the vulva to the vagina.2 The normal configuration of the vestibule is a ventrodorsal slope oriented rostrad.5 The cranial extent of the vestibule ends at the level of the transverse fold, which is located dorsal to the external urethral orifice. The lateral and ventral surface of the vestibule is covered by the constrictor vestibuli muscle.1 Dorsally this muscle is incomplete. The constrictor vestibuli muscle blends caudally with the constrictor vulvae muscle. The constrictor vestibuli muscles, the pillars of the hymen, and the floor of the pelvis meet to form the vestibular sphincter.6 The vagina is a tubular structure extending craniad from the transverse fold of the external urethral orifice to the vaginal fornix around the cervix. The vagina is related to the rectum dorsally, the bladder and urethra ventrally, and the pelvic wall laterally. The majority of the vagina is located retroperitoneally but a small cranial portion of the ventral aspect and larger portions of the dorsal aspect are always covered with peritoneum.2 The extent that the cranial part of the vagina is covered with peritoneum is related inversely to the fullness of the rectum and bladder.4 The vascular supply of the vagina is derived from the internal pudendal vessels. Since there is no skeletal muscle in the vagina, there is no motor innervation. There are multiple sympathetic ganglia in the vaginal wall.7 The cervix is an extension of the uterine body with the caudal portion positioned in the cranial aspect (fornix) of the vagina. The caudal portion of the cervix is referred to as the external cervical os, which is covered by vaginal mucosa. The cervix is a tubular muscular structure lined with mucosa that forms many longitudinal folds. It functions as a sphincter separating the caudal reproductive tract from the uterus.
 
 PATHOPHYSIOLOGY Failure of the protective barriers in the caudal reproductive tract can be caused by numerous factors. Conformational abnormalities such as a flat croup, sunken anus, and underdeveloped vulvar labia predispose the mare to pneumovagina.8 Poor perineal conformation is often found in older multiparous mares that have a thin body condition. A large percentage of the injuries to the caudal reproductive tract occur secondary to trauma from breeding or foaling. Some of the injuries are readily apparent immediately after delivery, whereas others can go unnoticed until it is time to rebreed the mare. Injuries that occur during foaling include cervical lacerations, cervical contusions, perineal lacerations, rectovestibular fistulas, urinary bladder eversion or prolapse, urinary bladder rupture, vaginal contusions, vaginal lacerations, vestibular lacerations, and uterine prolapse or rupture.9-11 These injuries range from minor to severe, and not all require intervention. However, extensive surgical repair may be necessary to restore normal anatomic function. Without repair of the injured tissue, infertility is often the result. A thorough examination is necessary to ensure that more than one anatomic structure does not require surgical intervention. Injuries during breeding do not occur frequently but may require medical and/or surgical treatment.12 Perforation of the vagina usually occurs during intromission and is typically located at the cranial aspect of the vagina adjacent to the cervix. Predisposing factors for this type of injury have been reported to represent an overly vigorous stallion or a large stallion breeding a small mare.12 Depending on the location and depth of penetration, the peritoneal cavity may or may not be entered. Semen is not sterile, and peritonitis may develop secondary to ejaculation into the peritoneal cavity.13,14 Eventration can occur through a tear in the vaginal wall.15 The development of an abscess in the pelvic cavity may result from an injury that does not involve the peritoneal cavity.16 Inadvertent entry of the stallion’s penis into the mare’s rectum during breeding can result in rectal injury or perforation. This type of accident is not common and has been associated with poor vulvar conformation, small vulvar opening after a Caslick procedure, and relaxed anal sphincter following palpation per rectum.12
 
 DIAGNOSTIC PROCEDURES Examination of the reproductive tract of the mare should progress from an external to an internal evaluation. A logical starting point is to visually evaluate the conformation of the perineum and vulva and examine the latter for evidence of discharge. The external genitalia should be examined for intersex conditions and diseases such as neoplasia. The conformation of the vulva is very important because this anatomic structure is the first line of defense in protecting the reproductive tract from contamination. The labia should be evaluated for symmetry, position, angle, and tone. Pascoe’s Caslick Index is an objective scoring system that can be used to determine
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 the risk for ascending infection to the reproductive tract.5 The length of the vulva (in centimeters) is multiplied by the angle of declination of the vulvar lips. Higher pregnancy rates have been reported in mares that had a Caslick Index of less than 150.3 The vestibule, vagina, and cervix should be examined digitally as well as visually using a speculum. Samples for endometrial biopsy, culture, and cytology should be taken. The reproductive tract should be assessed by palpation and ultrasonograpy per rectum.
 
 Chemical Restraint The majority of diagnostic and surgical procedures that are performed on the caudal reproductive tract of the mare are accomplished with chemical restraint of the standing mare. Chemical restraint is usually supplemented with local or regional anesthesia, or both, for surgical procedures. The drugs used for chemical restraint provide variable degrees of sedation and analgesia. A number of sedative-hypnotic, tranquilizing, and opioid agents are available for use in the horse (see Chapter 22). Selection is based on personal preference and the type of surgical procedure that is being performed. The use of drug combinations often optimizes restraint and analgesia as compared to the use of an individual drug. Acetylpromazine, a phenothiazine tranquilizer, produces sedation without analgesia. The peak onset of sedation following intravenous administration (0.04 mg/kg) is at approximately 30 minutes and may last for 1 to 3 hours depending on dose and route of administration.17 Because the phenothiazine tranquilizers do not produce analgesia, they should be used in combination with an analgesic agent if a surgical procedure is performed. Xylazine and detomidine are the most commonly used sedative-hypnotic drugs for standing chemical restraint. These drugs produce varying degrees of sedation, muscle relaxation, analgesia, and ataxia depending on the dose administered. Both drugs induce diuresis, which may warrant placement of a urinary catheter.18 Detomidine has a longer duration of action and greater potency compared to xylazine.19 Each of these drugs can be used in combination with an opiate such as butorphanol. This typically produces more profound sedation and analgesia. Reduced doses for chemical restraint should be considered when working on draft breeds because the desired effect can be achieved at lower doses than those used in light breeds such as Thoroughbreds.20
 
 Epidural Anesthesia Epidural anesthesia is achieved by injecting the local anesthetic solution between the dura mater and the periosteum of the spinal canal, which blocks conduction in the caudal nerve roots. Caudal epidural anesthesia implies that sensory innervation is lost without affecting the motor control of the hind limbs. The tail should be tied overhead to support the horse if ataxia develops. The sacrocaudal or first intercaudal vertebral space is selected as the injection site for epidural anesthesia.21 This location is found by grasping the tail and moving it up and down. The first articulation caudal to the sacrum is the first intercoccygeal space. The site should be clipped and aseptically prepared. The epidural anesthetic agent should be administered using aseptic technique. Various injection techniques
 
 and drug combinations can be used. The mare should be sedated and restrained in stocks during administration of epidural anesthesia. A small skin bleb of local anesthetic can be deposited at the proposed injection site to facilitate placement of the spinal needle. A 20-gauge, 7.5-cm (3-inch) spinal needle should be positioned just cranial to the dorsal spinous process of the second coccygeal vertebra. The needle is inserted through the skin at a 30-degree angle relative to the tail and inserted craniad. If bone is encountered, the needle should be redirected. Once the needle is placed, the stylet should be withdrawn and the hub of the needle is filled with the local anesthetic to be injected. If the needle is positioned in the epidural space, the fluid will be aspirated (hanging drop technique). Minimal resistance is encountered during epidural injection. Mares that have had previous epidural injections may develop fibrous scar tissue over the intercoccygeal space, making needle placement more difficult.21 Following injection, the needle should be removed. Caution should be exercised during placement of the spinal needle because some mares kick during the procedure. An epidural catheter can be placed to facilitate readministration of anesthetic agents if needed during the surgery.20 Loss of anal sphincter tone is common when epidural anesthesia is achieved. The type of blockade (motor and/or sensory) and the duration of effect depend on the type of drug(s) and the volume that is administered. Local anesthetics should produce motor and sensory blockade, whereas only sensory innervation is lost with other drugs. A dosage of 5 to 7 mL of 2% lidocaine hydrochloride per 500 kg body weight should produce analgesia within 5 to 15 minutes, and the duration of analgesia should be 60 to 90 minutes.21 The addition of 2% mepivacaine hydrochloride to the same dosage will produce analgesia in 10 to 30 minutes and last for 90 to 120 minutes.21 However, ataxia is a complication when using local anesthetics. Epidural administration of α2-adrenergic receptor agonists such as xylazine will provide profound analgesia without the complication of ataxia.22,23 The recommended dosage of xylazine is 0.17 mg/kg. The onset of action is 10 to 30 minutes and the duration of analgesia is 2.5 to 4 hours.21 The xylazine should be diluted in saline to a total volume of 6 to 10 mL. Epidural administration of detomidine (30 to 60 µg/kg) provides analgesia for 2 to 3 hours but produces sedation and ataxia.21,22 The combination of lidocaine (0.22 mg/kg) and xylazine (0.17 mg/ kg) produces significantly longer analgesia (approximately 5 hours) with only mild ataxia when compared to either agent used alone.23 Ataxia and the potential for recumbency must be considered when determining which drug or combination of drugs and the dosage that is to administer.
 
 Preparation of the Surgical Site and the Mare The rectum should be evacuated before starting any surgical procedure on the caudal reproductive tract. The tail should be wrapped and secured so that it does not interfere during surgery; then the perineum and buttocks should be scrubbed with a nonirritating soap. A dilute antibacterial solution of 1% povidone-iodine (Betadine) can be used to cleanse the vestibule and vagina. All fluid should be removed from the vestibule and vagina before beginning surgery. Tetanus prophylaxis should be administered if necessary. The use of perioperative antibiotics and anti-inflammatory drugs is
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 Figure 61-4.  Long-handled surgical instruments.
 
 Figure 61-3.  Modified Finochietto retractor with long blades. This
 
 at the discretion of the surgeon. The mare should be restrained in stocks, if available, but some procedures can be performed with the mare backed out of the stall door.
 
 the vulvar seal and lead to pneumovagina as well as fecal contamination of the caudal reproductive tract. When manually separating the labia, an inrushing of air indicates a predisposition to pneumovagina. In some mares, pneumovagina only occurs during estrus when perineal tissues are more relaxed.25 Urovagina can result from the same causes as pneumovagina, and the mare should be evaluated to determine if more than one surgical procedure is necessary.
 
 Instrumentation
 
 Episioplasty
 
 Special instruments are needed to perform certain surgical procedures on the caudal reproductive tract. Illumination of the surgical field is crucial. Options include a light source that can be attached to the self-retaining retractor, a headlamp, or overhead surgical lights that can be adjusted. Retractors are needed to expose the surgical site. A modified Finochietto retractor with long blades (Figure 61-3) is very helpful in repairing cervical lacerations. Balfour retractors are useful for surgical procedures caudal to the vestibulovaginal junction. Positioning the retractor with the retaining mechanism dorsal to the anus and secured to the tail head using umbilical tape keeps the retractor in place and out of the surgical field. Handheld instruments need to be longer than conventional instruments (Figure 61-4). Scalpel handles, scissors, thumb forceps, Allis tissue forceps, and needle holders should be 25 to 30 cm in length.24
 
 CASLICK PROCEDURE The most common surgical procedure for correction of pneumovagina is the Caslick procedure.6,16 The intent of the surgical procedure is to form a seal to prevent aspiration of air and fecal material. The original procedure was described by Caslick in 1937.6 Dr. Caslick felt that introduction of air into the vagina during treatment of uterine infection exacerbated the problem. He observed a dramatic clinical improvement in uterine infections when local treatment was stopped and the dorsal half of the labia was temporarily closed. The procedure subsequently gained acceptance as treatment for pneumovagina. Pneumovagina can be prevented in most cases by suturing the labia together to the level of the ventral border of the ischial arch. The ventral limit is determined by palpating the ischial arch just lateral to the opening of the vulva.25 The mare should be sedated and restrained so that the clinician is protected from a kick injury. The perineum is prepared and local anesthetic is infiltrated into the labial margins extending from the ischial arch to the dorsal commissure. A 4- to 8-mm strip of mucosa is excised with scissors along the mucocutaneous junction on each labium (Figure 61-5). It is important to include the dorsal commissure of the vulva in the excision so that a seal at the dorsal aspect is achieved. A scalpel can be used to incise the labia at the mucocutaneous junction rather than excise any tissue. The incision must be of sufficient depth so that a tissue gap of 4 to 8 mm is created. Closure is achieved using 2-0 absorbable or nonabsorbable suture material in a continuous pattern.26 Stainless steel skin
 
 retractor is very useful for certain surgical procedures of the caudal reproductive tract, such as repair of a cervical laceration.
 
 DISORDERS REQUIRING SURGERY Pneumovagina Pneumovagina leads to chronic inflammation and infection of the vagina and uterus. This is a cause of infertility in the mare. The most common cause of aspiration of air into the vagina is poor perineal conformation. Pneumovagina may develop secondary to foaling trauma with scar tissue formation, excessive stretching of the vulvar tissues from foaling, or poor body condition.8 Sinking of the anus into the pelvic canal causes the dorsal commissure of the vulva to tip forward so that it is  oriented horizontally rather than vertically. This can disrupt 
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 Figure 61-6.  Breeding stitch placed ventral to a Caslick suture. A, Large suture material or umbilical tape is placed in a simple-interrupted pattern. B, The suture is tied and the ends are cut short so that they do not contact the stallion’s penis during breeding.
 
 A
 
 B
 
 Figure 61-5.  Caslick procedure. A, Removal of narrow strip of tissue from mucocutaneous junction. B, Closure using Ford interlocking pattern.
 
 staples can be used for the closure instead of sutures.27 The sutures or staples should be removed 10 to 12 days later and the surgery site should be evaluated for fistula formation. Fistula formation can lead to aspiration of air and fecal material and negate the effects of the procedure.28 A mare requiring a Caslick procedure will likely need one for the rest of her broodmare life, so care should be taken to remove only as much tissue as necessary to achieve a complete seal between the labia.25 Excessive removal of tissue will make subsequent Caslick procedures more difficult because of fibrosis and loss of tissue. Older mares that have had numerous Caslick procedures occasionally develop enough fibrous tissue or lose enough skin to make closure difficult as a result of tension. This may lead to dehiscence of a routine Caslick procedure. In such cases, a three-layer closure can be used. The inner mucosa of the two labia is apposed using 2-0 absorbable suture material in a continuous horizontal mattress pattern. The constrictor vulvae muscles are apposed using 2-0 absorbable suture material in a similar pattern. Finally the cutaneous layer is apposed using 2-0 or 0 absorbable or nonabsorbable suture material in a continuous pattern. A breeding stitch is often placed at the ventral limits of the suture line to protect the Caslick procedure at subsequent breeding.28 This consists of an interrupted suture of smalldiameter, umbilical tape, or large-diameter suture material that is placed 2 to 3 cm lateral to both sides of the mucocutaneous border of the labia (Figure 61-6).26 The suture must be positioned such that it does not interfere with the stallion’s penis during intromission. Natural cover of the mare can be achieved with the suture in place by manually elevating the vulvar opening and guiding the stallion’s penis. The breeding stitch is removed once the mare is confirmed to be pregnant. Urovagina may result from excessive closure of the vulvar cleft.29 Excessive closure is considered if a tube speculum cannot be readily passed.28 Some mares have such poor perineal conformation that a Caslick procedure predisposes them to
 
 urovagina. In such cases, an alternative surgical procedure to correct the pneumovagina or a procedure to correct urovagina is necessary (see later). In mares having undergone a Caslick procedure, an episiotomy should be performed 2 weeks before foaling to  prevent damage to the vulva and perineum during the foaling process. PERINEAL BODY RECONSTRUCTION Reconstruction of the perineal body is useful when the vulvar and vestibular constrictor muscles have become ineffective.25 Damage to the perineal body occurs from repeated stretching of these muscles in older multiparous mares, or from foaling trauma (second-degree rectovestibular injury). The goal of this surgery is restoration of the integrity of the dorsal aspect of the vestibule and vestibular sphincter function. Names of this surgical procedure include episioplasty, the Gadd technique, and perineal body reconstruction.30 The surgery is performed with the mare sedated and restrained in stocks. Epidural anesthesia or local infiltration is used to desensitize the surgery site. The labia are retracted to the side using towel clamps or stay sutures. An incision is made along the mucocutaneous junction of the labia in a dorsoventral direction and is extended craniad along the dorsal commissure of the vestibule to the level of the vestibulovaginal sphincter. Dissection is continued submucosally from the dorsum and dorsolateral aspects of the vestibule. The triangular tissue flaps of mucosa are dissected so that they approximate the shape of the perineal body. Using caudal dorsal retraction on the stay sutures, the desired position for closure of the tissues is chosen (Figure 61-7). It is important that the procedure results in the vulva being oriented more vertically. Closure of the tissue layers is as follows. The vestibular mucosa is closed using 2-0 or 0 absorbable suture material in a horizontal mattress pattern, inverting the mucosa into the vestibule. The submucosal tissue is closed beginning at the cranial aspect of the vestibule using size 0 or 1 absorbable suture material in an interrupted pattern. The labial skin is apposed as for the Caslick procedure. Four weeks of sexual rest is recommended after surgery. Because the diameter of the vestibule has been decreased by this procedure, some mares require an episiotomy at the time of foaling.31
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 B Figure 61-8.  Perineal body transection. A, The dotted line shows the
 
 C
 
 D
 
 Figure 61-7.  Perineal body reconstruction. A, The triangular piece of mucosa to be excised from the dorsal vestibule is outlined. B, The dorsal portion of the vulva and vestibule are retracted caudad and the vestibular mucosa is closed. C, Submucosal tissues are apposed with a series of interrupted absorbable sutures. D, The labial skin is closed with interrupted sutures and the vulva is now oriented in a more vertical position.
 
 PERINEAL BODY TRANSECTION This technique was developed by Pouret and used to treat both pneumovagina and urovagina by the separation of muscular and ligamentous attachments between the rectum and the caudal reproductive tract.32 The mare is sedated and restrained in stocks and epidural anesthesia or local infiltration of the perineal body is performed. A 4- to 6-cm horizontal skin incision is made midway between the ventral aspect of the anus and the dorsal commissure of the vulva. This incision is continued ventrad for 3 to 4 cm on both sides of the vulva. A combination of blunt and sharp dissection is used to extend the dissection in a cranial direction through the muscles of the perineal body. The dissection is continued craniad for 8 to 14 cm until the connections between the rectum and caudal reproductive tract have been severed.30 Placing a hand in the vestibule to help guide the dissection is useful to prevent inadvertent entry into the rectum or peritoneal cavity. The dissection should be continued until the vulva has attained a normal vertical position
 
 plane of dissection between the rectum and the caudal reproductive tract. B, Dissection is performed craniad using a combination of blunt and sharp separation of tissues until the vulva assumes a more vertical orientation.
 
 without applying traction (Figure 61-8). No attempt is made to close the resulting dead space between the rectum and reproductive tract. Closure of the skin, either transversely or in a T-shaped configuration, has been suggested.32,33 An alternative is to allow the wound to heal by second intention, which should occur within 3 weeks.25 Natural cover should be delayed until the surgery site has healed properly (3 weeks). Mares may be bred by artificial insemination immediately.
 
 Urovagina (Vesicovaginal Reflux of Urine, Urine Pooling) Vesicovaginal reflux refers to the accumulation or pooling of urine in the vaginal fornix of the mare.29 Urovagina and urine pooling are terms that have also been used to describe this condition. This abnormality is most often seen in thin, multiparous mares in which the cranial vagina slopes ventrally. Stretching and relaxation of the supporting ligaments of the urogenital tract leads to the excessive cranioventral sloping of the vagina. Mares often have a sunken appearance to their anus and dorsal vulva and frequently have had a Caslick procedure performed.34 Excessive closure of the dorsal vulva during a Caslick procedure
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 may contribute to urine reflux by causing urine to splash back into the vagina.35 In young fillies that are experiencing urovagina, an ectopic ureter may be present and must be ruled out.29 The chronic presence of urine in the cranial vagina leads to vaginitis, cervicitis, and endometritis. These inflammatory conditions can interfere with the ability of the mare to conceive and carry a foal to term.36 Urovagina is diagnosed by finding an accumulation of urine in the fornix of the vagina during vaginoscopy. It is best to perform a speculum examination of the vagina during estrus because in some mares urine only pools when the reproductive tract is under the influence of higher circulating levels of estrogen.29 Examination of the mare on several occasions and finding urine in the cranial aspect of the vagina confirms the diagnosis. Differential diagnosis of urine pooling would be uterine infection with accumulation of exudate in the cranial vagina. Differentiation of the accumulated fluid using laboratory tests and cytology is often necessary. A cytologic evaluation of the fluid involves checking for bacteria, white blood cells, or calcium carbonate crystals. Creatinine and urea nitrogen testing can be performed on the fluid. Creatinine levels in accumulated urine will be at least two to three times serum creatinine levels.29 Surgical intervention is usually required for treatment of urine pooling.35,37-39 Mares with poor body condition and the resulting abnormal perineal conformation can benefit from weight gain. Manual evacuation of urine from the cranial aspect of the vagina before breeding may improve conception rates, but this does not address the long-term negative side effects of urovagina. Definitive surgical treatment for vesicovaginal reflux involves modification of the external urethral orifice. Caudal Relocation of the Transverse Fold The Monin technique was first described in 1972 and involves caudal translocation of the transverse urethral fold.39 This procedure has been found to be beneficial only if the reflux and abnormal perineal conformation is minimal.29 It will not resolve severe vesicovaginal reflux and can make subsequent surgical procedures such as a urethral extension more difficult. A Balfour retractor or stay sutures are used to access the transverse fold of the external urethral orifice (Figure 61-9). The center of the fold is grasped with Allis tissue forceps and retracted caudad toward the surgeon. The transverse fold is incised horizontally, splitting the fold into dorsal and ventral shelves. Thumb forceps are used to position the transverse fold along the ventrolateral walls of the vestibule. Mucosal incisions are then made in the walls of the vestibule at the proposed site of attachment. The transverse urethral fold is sutured to the vestibular floor in the retracted position, creating the extension. A one- or two-layer closure may be performed using 2-0 absorbable suture material.39 This technique creates a urethral orifice that opens 2.5 to 5 cm more caudally after completion of the procedure. It is important to position the transverse fold so that it is not under excessive tension. This technique is simple to perform but it has the disadvantage of not being able to extend the urethral opening as far caudad as other urethral extension procedures (see later).40 Caudal Urethral Extension Three urethral extension procedures have been described.35,37,38 All of these procedures have the advantage of being able to
 
 B
 
 A
 
 C
 
 E D Figure 61-9.  Monin urethroplasty. A, Incision of the transverse fold of the urethra. B, Mucosal incisions in walls of the vestibule. C, Caudal retraction of the transverse fold in preparation for suturing. D, Completed Monin urethroplasty. E, Two-layer closure using horizontal mattress pattern.
 
 extend the urethral opening as far caudad as necessary, unlike the Monin technique. A common pitfall of urethral extension procedures is fistula formation along the suture line.40 In most instances, fistulas must be repaired. The surgeon should wait until tissue inflammation has subsided before attempting another repair (Figure 61-10). The mare should be sedated and restrained in stocks and should have epidural anesthesia to desensitize the perineum. Balfour retractors or stay sutures can be used to provide access to the surgical site. When self-retaining retractors are used, excessive lateral retraction should be avoided because this makes apposition of the vestibular mucosa more difficult. Insertion of a 30-French Foley catheter into the urethra will help ensure an adequate lumen diameter of the urethral extension and helps prevent urine contamination of the surgery site during the procedure. BROWN TECHNIQUE The original urethral extension procedure was described by Brown in 1978.35 This technique involves creating tissue flaps beginning at the level of the transverse urethral fold and continuing to just inside the labia (Figure 61-11).35 The free edge of the transverse urethral fold is incised horizontally with a scalpel, creating dorsal and ventral tissue flaps of equal thickness. It is important not to create holes in the flaps during the dissection.
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 The transverse incision is continued caudad along the vestibular wall to create a dorsal and ventral shelf of vestibular mucosa and submucosa. Dissection dorsad and ventrad allows the flaps to be apposed on the midline without any tension. It is critical that the dissection generates tissue flaps large enough to result in a urethral tunnel of adequate diameter. The ventral shelves of tissue from opposing sites are sutured using 2-0 absorbable material in continuous horizontal mattress pattern that inverts the mucosa of the ventral shelf into the new urethral lumen. The submucosa is closed using 2-0 absorbable suture material in a continuous pattern. The dorsal shelves are sutured using 2-0 absorbable suture material in a continuous horizontal mattress pattern that everts the mucosa into the vestibule. In the original description, this technique of resolving urine pooling was successful in 16 of 18 mares.35 Following surgery, 11 mares were bred and 7 of them conceived.35
 
 Figure 61-10.  One complication of the caudal urethral extension procedures is fistula formation. Tips of scissors are sticking through the fistula.
 
 SHIRES TECHNIQUE The Shires technique creates a urethral tunnel surrounded by loose mucosa from the floor of the vestibule around a Foley catheter placed in the bladder.38 A 30-French Foley catheter is inserted through the urethral orifice into the bladder, and the balloon is inflated to secure the catheter (Figure 61-12). Interrupted horizontal mattress sutures using 2-0 or 0 absorbable suture material are placed in the ventral vestibular mucosa and tied so that a tunnel is formed over the catheter. The sutures must be positioned so that there is minimal tension on the mucosa over the catheter. The tunnel must begin cranial to the urethral orifice and extend caudad to a point approximately 2 to 3 cm cranial to the vulva. The everted ridges of mucosa dorsal to the horizontal mattress sutures are excised using scissors after
 
 Figure 61-11.  Brown technique of caudal urethral extension.
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 D
 
 A, The transverse fold is split into dorsal and ventral shelves, and the incisions are continued caudad along the ventrolateral walls of the vestibule. B, The first suture line inverts the vestibular mucosa into the new urethral lumen. C, The second suture line apposes the submucosal tissues. D, The third suture line everts the vestibular mucosa into the vestibule.
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 Figure 61-12.  Shires technique of caudal urethral extension. A, Vestibular mucosa is apposed over a Foley catheter using horizontal mattress sutures. B, The everted mucosal ridge is excised. C, The exposed submucosa is apposed using a continuous suture pattern.
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 B
 
 C
 
 Figure 61-13.  McKinnon technique of caudal urethral extension. A, Horizontal incision is made in the mucosa of the transverse fold. B, Dissection is continued caudad high along the vestibular wall to create large tissue flaps. C, Apposition of the tissue flaps is accomplished using a continuous horizontal mattress pattern. D, Completed urethral extension.
 
 A
 
 C
 
 the completion of the tunnel. The cut edges of the mucosa are apposed using 2-0 suture absorbable suture material in a continuous pattern. This procedure is relatively easy to perform and was reported to be successful after a single surgery in 12 of 15 mares.38 MCKINNON TECHNIQUE The McKinnon technique, described in 1988, creates a urethral tunnel that is larger and stronger than the one produced with the Brown and Shires techniques.37 A horizontal incision is made in the mucosa of the transverse fold of the urethra 2 cm cranial to the caudal free edge (Figure 61-13). Incisions are made in the lateral walls of the vestibule approximately one half the distance from the floor of the vestibule. Dissection of the tissue flaps continues ventrad until the flaps can be apposed on the midline without tension. The tissue flaps are closed using a
 
 B
 
 D
 
 one-layer technique with 2-0 absorbable suture material in a continuous horizontal mattress pattern, inverting the mucosa into the lumen of the urethral tunnel. The initial dissection over the transverse urethral fold results in the cranial aspect of the closure assuming a Y pattern before the two suture lines meet on midline. Correction of urovagina using this technique was achieved in 32 of 34 mares, with fistula formation occurring in 5 of 34 mares.37 Fistula formation is most common at the junction of the Y suture pattern. The exposed submucosal tissue heals by second intention. Mares may be bred 1 month postoperatively. COMBINED BROWN AND MCKINNON TECHNIQUE Combining the McKinnon and Brown techniques for urethral extension has been reported.36 The initial dissection is similar to the Brown technique. The caudal free edge of the transverse
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 Figure 61-14.  Combined Brown and McKinnon technique of caudal urethral extension. A, The scalpel is used to split the free edge of the transverse fold into dorsal and ventral shelves. B and C, Dorsal and ventral mucosal shelves are created by undermining the vestibular mucosa. The dissection should allow the shelves to meet on the midline without tension. D, The midpoint of the horizontal shelf is retracted caudad, and the ventral shelf is closed using a continuous horizontal mattress pattern to invert the tissue into the newly created urethral tunnel in a Y pattern. E, The dorsal shelves are sutured using a continuous horizontal mattress pattern to evert the tissue into the vestibule (a). An additional continuous everting suture is placed around the three portions of the Y and tied at the end to provide further support to this very vulnerable location (b). Close-up view of the new urethral shelf with the two everting patterns (c). F, The completed urethral extension.
 
 fold of the urethral orifice is incised into dorsal and ventral shelves of equal thickness (Figure 61-14). It is important that no holes are created in these tissue layers during dissection. The incisions are continued caudad along the ventrolateral walls of the vestibule to a point approximately 2 cm cranial to the labia. Submucosal dissection is performed to create dorsal and ventral vestibular tissue flaps that can be apposed on midline and create a urethral lumen of adequate diameter. A 30-French Foley catheter can be inserted into the bladder to help determine the location of the incisions and prevent urine contamination of the surgical field. The dissection of the vestibular walls does not reach as far dorsal as described for the McKinnon technique. Closure of the tissue flaps is as follows. The midpoint of the caudal free edge of the transverse urethral fold is grasped with Allis tissue forceps and retracted caudad. Suturing begins at the junction of the right ventral flap of the transverse fold and the right ventral flap of the vestibular wall. A continuous horizontal mattress pattern using 2-0 absorbable suture material is used. The mucosa of the ventral flaps should be inverted into the lumen of the urethral extension. During closure it is important to retract the transverse fold caudad. This suture pattern is continued caudad to the midpoint of the transverse fold, and the suture is tied. The right dorsal flap of the transverse fold and the right dorsal flap of the vestibular wall are sutured next, using a continuous horizontal mattress pattern of 2-0 absorbable
 
 suture material that everts the mucosa into the vestibule. The procedure is repeated for the left side. The remainder of the roof of the urethral tunnel is created by first suturing the right and left ventral vestibular tissue flaps, followed by suturing the dorsal flaps. The ventral flaps are apposed using 2-0 absorbable suture material in a continuous horizontal mattress pattern, which inverts the mucosa into the urethral lumen. The dorsal flaps are apposed using 2-0 absorbable suture material in a continuous horizontal mattress pattern, everting the mucosa into the vestibular lumen. The most difficult part of the repair is the junction of the Y of the three tissue layers—the transverse urethral fold and right and left vestibular tissue flaps. This location is most prone to dehiscence and fistula formation. A third layer using 2-0 absorbable sutures placed in a simple continuous pattern can be used starting just cranial to the Y junction and proceeding caudad. Maintaining a urinary catheter postoperatively for some time is based on the surgeon’s preference (Figure 61-15).
 
 Foaling Injuries Numerous types of injuries are associated with parturition in the mare. Injuries caused by foaling and the resulting complications make up a large percentage of injuries to the perineum, rectum, and reproductive tract. Most injuries are obvious after
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 Figure. 61-15.  Completed urethral extension described in Figure 61-15 with a urinary catheter in place.
 
 foaling, but some are not apparent until it is time to rebreed the mare.
 
 Figure 61-16.  Third-degree perineal laceration with fecal contamination of the vestibule. The vagina and uterus will be contaminated if the vestibulovaginal sphincter is dysfunctional.
 
 Perineal Lacerations Perineal lacerations typically occur during unassisted foaling, most commonly in primiparous mares. These types of injuries are most likely caused by the prominence of the vestibulovaginal sphincter and hymen remnants in mares foaling for the first time.41 It is hypothesized that the forefoot of the foal catches on the dorsal transverse fold of the vestibulovaginal junction, and the mare’s abdominal press forces the foal’s foot through the roof of the vestibule and into the mare’s rectum. A rectovestibular fistula results if a foaling attendant is present to replace the foal’s foot back into the vestibule or if the foal retracts its foot. However, if the foot remains in the rectum during foaling, a third-degree perineal laceration can result (see later). Perineal lacerations have been classified into first, second, and third degree, based on the extent and severity of the injury.11,42 First-degree perineal lacerations involve the mucosa of the vestibule and the skin of the dorsal commissure of the vulva. Second-degree perineal lacerations involve vestibular mucosa and submucosa and continue into the muscles of the perineal body, including the constrictor vulvae muscle. These injuries do not involve the anal sphincter or rectum. Second-degree lacerations compromise the closure of the labia, predisposing the mare to pneumovagina. Third degree perineal lacerations are complete disruptions of the rectovestibular shelf, penetrating the rectum, perineal body, and anal sphincter. These injuries result in a common opening between the rectum and vestibule (Figure 61-16) and occur in primiparous mares that often have an excitable temperament. Fetal malposition, large fetal size, or aggressive assistance during delivery may play a role in the development of a third-degree perineal laceration. First-degree injuries typically do not require surgical intervention. If needed, a Caslick procedure can be performed. Repair of second-degree injuries requires a Caslick procedure
 
 and reconstruction of the perineal body. The mare will develop a sunken perineum and be predisposed to pneumovagina and urine pooling if the perineal body is not reconstructed.43 All third-degree perineal lacerations require surgical repair. The management is divided into two categories: immediate treatment and surgical repair. Repair of a third-degree perineal laceration in the acute stage should not be attempted. The tissue is very edematous and contaminated with feces, and some tissues may not be viable. Repair should be delayed at least 3 to 4 weeks or longer if possible to allow healing of the injured tissues (Figure 61-17). Initial therapy involves wound care and cleaning of the contaminated tissues. Third-degree perineal lacerations result in bacterial contamination of the vagina and uterus. Inflammatory uterine changes are reversible after surgical repair. A uterine biopsy is not needed because there are no studies correlating preoperative uterine biopsy grades with conception data after surgery. Dietary changes may be necessary so that the mare has soft feces without excessive water content. Many methods can be used to soften the feces. Pasturing the mare on lush green grass, administering laxatives such as mineral oil or magnesium sulfate via a nasogastric tube, and feeding wet bran mashes are just a few examples. Dietary changes should be instituted well before surgery so the fecal consistency is soft by the date of surgery. If the mare has firm formed feces, the surgery should be postponed, because dehiscence of the suture repair is likely. Often the surgery is delayed until the foal is weaned so that it does not have to enter the hospital environment; but the timing of the surgery may be dictated by an urgency to repair the injury and rebreed the mare. Surgery is performed with the mare sedated and restrained in stocks. The use of epidural anesthesia is necessary. Following
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 The first suture line apposes the vestibular shelves. A continuous horizontal mattress pattern of 1-0 or 2-0 absorbable suture material is used to invert the vestibular mucosa into the  vestibule. This pattern should be interrupted when approximately one quarter to one half of the vestibular defect is closed. This allows easier access for placement of the second set of sutures. The next row of sutures is placed dorsal to the first in an interrupted fashion in the perirectal and perivestibular tissues. Then one or two absorbable sutures are placed in a fourbite purse-string fashion.41 It is crucial that the rectal mucosa is not penetrated. The four-bite purse-string is placed by taking the first bite in the subrectal mucosal layer on the right; the second, in the subvestibular mucosal tissue on the right; the third, in the subvestibular tissue on the left; and the fourth, in the subrectal mucosal tissue on the left, followed by tying the knot. These two suture patterns are alternated until the level of the dorsal commissure of the vulva is reached. This technique does not repair the anal sphincter or perineal body. The second stage of the repair is performed 3 to 4 weeks later. It consists of removing the epithelium from the triangular surface of the perineal body and apposing these tissues on the midline (Figure 61-19), as described in the section on perineal body reconstruction. The function of the anal sphincter is gained by suturing the tissues of the perineal body. No attempt is made to isolate and suture the muscle fibers of the anal sphincter. A Caslick procedure is performed if necessary.
 
 Figure 61-17.  Appearance of a third-degree perineal laceration that is ready for repair. The rectal mucosa overhangs the intact shelf at the cranial extent of the laceration. Arrows point to the junction of the rectal mucosa and vestibular mucosa.
 
 surgery the mare will need to maintain soft feces for at least 2 to 3 weeks. TWO-STAGE REPAIR The Aanes technique or a two-stage repair is designed to minimize obstipation, which can lead to failure of the repair.42 In the first stage of the repair, the rectovestibular shelf is reconstructed without repair of the perineal body, and 3 to 4 weeks later the second stage or perineal body repair is performed. Balfour retractors or stay sutures can be used to provide access to the surgical site. Initial dissection begins craniad in a frontal plane at the level of the rectovestibular shelf. Thumb forceps can be used to place tension on the rectovestibular shelf to facilitate dissection. A combination of sharp and blunt dissection is used to divide the tissue into rectal and vestibular shelves (Figure 61-18). The rectal shelf should comprise two thirds of the thickness and the vestibular shelf one third. The plane of dissection is continued craniad for 3 to 5 cm. The cranial dissection is important for relieving tension at the tissue edges. The incisions are continued laterad and caudad along the scar tissue junction of the rectal mucosa and vestibular mucosa. The dissection is continued laterad until the tissue shelves can be apposed on the midline without tension. Hemostasis using electrocautery or ligatures can be performed if necessary. Once sufficient dissection has been achieved, reconstruction of the tissue shelves can commence.
 
 SINGLE-STAGE REPAIR The initial dissection is the same in the single-stage and twostage repair procedures. The Goetze modification of the singlestage repair uses a six-bite suture pattern (Figure 61-20). The suture is typically size 2-0 absorbable material and is placed in an interrupted pattern. The first suture is placed at the cranial edge of the dissected shelf and follows the following sequence. The first bite is deep in the left vestibular flap in a ventral to dorsal direction. The second bite is in the left rectal submucosa, taking care not to penetrate the rectal mucosa. The third bite is in the right rectal submucosa. The fourth bite is through the right vestibular flap in a dorsal to ventral direction. The fifth bite reenters the right vestibular shelf axial to the fourth bite in a ventral to dorsal direction. The sixth bite is in the left vestibular flap from dorsal to ventral and is positioned axial to the first bite. When the suture is tied the rectal edges should be apposed and the vestibular edges should be everted into the lumen of the vestibule. The sutures should be placed approximately 1.5 cm apart. Any sutures that are loose or placed too far apart should be replaced, because failure to do so will compromise the repair. Closure of the rectal mucosa has been proposed but is not necessary.43 This repair is continued to a point approximately 4 to 6 cm cranial to the cutaneous perineum. At this point, the perineal body is repaired as previously described. A Caslick operation is performed if deemed necessary. The singlestage repair can be performed using the Aanes reconstruction technique as described for the two-stage repair. Another modification of the single-stage repair has been reported by Stickle; it involves a three-layer closure that includes a continuous horizontal mattress suture in the vestibular submucosa and rectal submucosa, inverting the mucosa into the respective lumen.44 Simple-interrupted sutures are placed in the connective tissue shelf between the rectum and vestibule. All three sutures are started cranially and continue in an alternating fashion toward the vulva.
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 Figure 61-18.  First stage of the two-stage repair of a third-degree perineal laceration. A, The cranial-most extent of the rectovestibular shelf is incised in a horizontal plane. B, The junction between the rectal mucosa and vestibular mucosa is delineated by a thin line of scar tissue. C, Vestibular and rectal tissue flaps are created by dissecting along the line of scar tissue. D, The vestibular mucosa is inverted into the vestibule using a continuous horizontal mattress pattern. The submucosal tissues are apposed using an interrupted pattern. E, Completed first-stage repair.
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 Rectovestibular Fistula Rectovestibular fistulas result from a perineal laceration from the dorsum of the vestibule into the rectum, without disruption of the anal sphincter (Figure 61-21). They can form secondary to an unsuccessful repair of a third-degree rectovestibular laceration. Small fistulas sometimes close with conservative therapy, but larger ones require surgical repair.40 Fistulas are most commonly 3 to 5 cm in diameter and located cranial to the perineal body.43 Surgical approaches involve converting the fistula into a third degree perineal laceration either by a horizontal approach through the perineal body or a direct suturing technique. When using the horizontal approach through the perineal body, a horizontal skin incision is made midway between the ventral aspect of the anus and the dorsal commissure of the vulva. A combination of blunt and sharp dissection is used to separate the perineal body. This plane of dissection is continued
 
 E
 
 through the fistula for a distance of 3 cm (Figure 61-22, A). Stay sutures or Allis tissue forceps can be used to help retract the tissue during dissection. It is important not to penetrate the rectum or vestibule before reaching the fistula. The dissection should be such that the rectal shelf of tissue is thicker (two thirds of the thickness) than the vestibular shelf (one third of the thickness). The fistula in the rectal tissue is closed transversely using an interrupted Lembert pattern of 0 absorbable suture material (Figure 61-22, B). The fistula in the vestibular shelf is closed longitudinally in a continuous horizontal mattress pattern. This results in the suture lines that are at right angles to one another (Figure 61-22, C and D). The dead space created by the approach is closed using interrupted purse-string sutures. The skin is closed in continuous or interrupted pattern. An alternative is to allow the dead space and skin to heal by second intention.11
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 Figure 61-19.  Second stage of the two-stage repair of a third-degree perineal laceration. A, The first-stage repair has healed and the mare is ready for the second stage of the repair. B, The area of epithelialized tissue that is to be excised is outlined. C, The submucosal tissues are apposed using interrupted purse-string sutures. This reconstructs the perineal body. D, Completed second-stage repair.
 
 Figure 61-20.  Single-stage repair of a third-degree perineal laceration. Drawings show the use of a six-bite suture pattern to appose tissues.
 
 Figure 61-21.  Rectovestibular fistula with manure contaminating the vestibule. Arrow points to the fistula.
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 A
 
 B Figure 61-23.  Appearance of laceration at the dorsal aspect of the cervix during a speculum examination.
 
 Lacerations
 
 C
 
 D
 
 Figure 61-22.  Drawing showing dissection and repair of a rectovestibular fistula using the horizontal approach. A, Completed dissection for repair of rectovestibular fistula. The fistula is divided into rectal and vestibular shelves. B, The rectal shelf is sutured transversely. C, The vestibular shelf is sutured longitudinally. D, The rectovestibular fistula is repaired. The dead space created by the approach can now be closed.
 
 Direct suturing techniques have been described for successful repair of rectovestibular fistulas.45,46 A mucosal pedicle flap technique for repair of rectovestibular fistulas in the standing horse has been described.47 The edges of the fistula are débrided by full-thickness excision of 2 mm of the fistula margin. The fistula dimensions are assessed and a dorsally based U-shaped mucosal and submucosal pedicle flap is dissected from the vestibular wall. The flap is rotated 90 degrees so that the vestibular mucosa is continuous with the rectal mucosa covering the fistula. The flap is held in place by absorbable suture material placed in an interrupted pattern. Two of the three horses treated with this technique healed by first intention. The third horse required additional sutures to repair a partial dehiscence.47
 
 Cervical Injuries Injury to the cervix may lead to significant adverse effects on subsequent fertility. Cervical lacerations, adhesions, and incompetence are the most common disorders encountered.
 
 Lacerations of the cervix usually occur as a result of excessive stretching during foaling. Cervical injury is more likely to develop during dystocia or in association with a fetotomy.48 Cervical lacerations have been reported to occur during normal parturition or during the abortion of a relatively small fetus. Any injury that disrupts the normal function of the cervix may lead to infertility. The incidence of cervical lacerations is reported to be higher when parturition is induced.42 This may be the result of the cervix not relaxing adequately before foaling. The most common clinical signs associated with cervical lacerations are failure to conceive, endometritis, early fetal abortion, and persistent infertility. All mares that have undergone dystocia should have their cervix examined approximately 21 days postpartum (Figure 61-23).49 Palpation of the cervix is crucial to making a diagnosis of a cervical laceration. Lacerations can be easily missed on visual examination alone. This is especially true if the mare is near estrus with a relaxed cervix. Diestrus is the optimal time to evaluate the cervix. During this stage of her reproductive cycle the cervix should be constricted and allow an accurate determination of cervical competency. The cervix is evaluated in the following manner. The perineum should be washed and prepared for examination. The examiner should wear a sterile glove or sleeve and apply an ample amount of lubricating jelly. The hand is inserted into the vagina of the mare and the cervix is identified at the most cranial aspect of the vaginal fornix. When using the right hand to examine the cervix, the examiner places the thumb in the lumen of the cervix and uses the index finger to palpate the cervix from the most dorsal aspect to the most ventral aspect of the right side of the cervix. To examine the left side of the cervix, the examiner inserts the index finger into the lumen and uses the thumb to palpate the cervix from the most dorsal to the most ventral aspect of the left side of the cervix. If a cervical laceration is present, the severity and extent should be determined. Not all cervical lacerations require surgical repair. It has been reported that surgery is unnecessary if 50% or less of the vaginal cervix
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 suture material placed in a simple-continuous pattern. In a report of 53 mares, a 75% pregnancy rate was achieved following surgical repair of cervical lacerations.51 The mare should not be bred for at least 30 to 45 days following surgery. It is important to assess the uterus for signs of infection after surgery and before breeding. Uterine infection after surgery is not uncommon and must be addressed if present. Adhesions
 
 Figure 61-24.  Photograph showing stay sutures placed to retract the cervix into the vestibule to facilitate repair. The sutures are placed to accentuate the defect in the cervix. Arrow points to the defect.
 
 is involved.50 However, the economic impact of fetal loss must be considered, and if it is possible to improve the chances that a mare will conceive and carry the foal to term, surgical intervention is warranted. Surgery should be performed during diestrus and at least 3 weeks postpartum. Alternatively, the repair can be performed during estrus immediately after breeding. The mare is sedated and restrained in stocks, and epidural anesthesia is applied. A modified Finochietto retractor with long blades is very helpful in repairing cervical lacerations. Surgical interventions on the cervix should be performed in a caudally retracted position to bring it closer to the surgeon. Methods for retracting the cervix include Knowles cervical forceps and stay sutures (Figure 61-24). The Knowles cervical forceps are more traumatic than stay sutures and are not necessary. Three stay sutures using large-diameter suture material (No. 2) are placed in the external cervical os by hand or with the aid of long needle holders. The stay sutures must be positioned so they accentuate the cervical defect and do not interfere with the dissection and repair of the defect. The long ends of the stay sutures should be tagged with a hemostat and the needle removed. An assistant should apply gentle, steady caudal traction on the stay sutures so the surgeon has access to the cervix. The cervix can usually be retracted to the level of the vestibulovaginal junction. Allis tissue forceps are used to grasp the caudalmost scar tissue on each side of the cervical laceration. The scar tissue is excised using a scalpel blade or scissors. Following excision of the scar tissue, the three layers of cervical tissue should be evident. Repair of the defect is accomplished in three layers. The first layer, the inner cervical mucosa, is the most difficult to close and probably the most important. This layer is closed using 0 or 1 absorbable suture material in a continuous horizontal mattress pattern to invert the mucosa into the cervical lumen beginning at the most cranial aspect of the defect and working caudad. Following each bite, the surgeon should check whether the cervical lumen was penetrated and ensure that it is still patent. The second layer in the cervical muscle is apposed using 1 absorbable suture material placed in a simple-continuous pattern. The third layer, the outer cervical mucosa, is closed using 1 absorbable
 
 Transluminal adhesions interfere with the normal opening and closing of the cervix.49 Less-severe adhesions may lead to infertility. More-severe adhesions can result in mucometra or pyometra.16 Adhesions may form secondary to cervical trauma or cervical laceration repair. The prognosis depends on the severity of the adhesions. Transluminal adhesions can be broken down manually or surgically. Topical application of steroid-based ointment to the cervical lumen has been recommended as a means of preventing the adhesions from reforming.16 Adhesions from the vaginal wall to the cervical opening can be relieved by sharp and blunt dissection. The surgeon must be careful not to perforate the vaginal wall and enter the peritoneal cavity when working in the cranial aspect of the vagina. Daily topical application of steroid-based ointment can be used as a means of preventing the adhesions from reforming. Incompetence Incompetence of the cervix can result from a tear that cannot be effectively repaired, muscle atony from repeated stretching, or a congenital anomaly.16,52,53 Mares with an incompetent cervix may fail to conceive or experience early fetal abortion. Correction of these cervical problems has been associated with varied success.16 The use of a buried retention suture or a nonabsorbable suture used in purse-string fashion around the base of the external opening has been described.54 We recommended that the suture be placed during the first 48 hours following breeding and ovulation, and it must be removed before foaling. The success of this type of procedure is not known.
 
 Clitoral Disorders Abnormal conditions of the clitoris are rare. Squamous cell carcinoma has been reported to affect the clitoris.55 Smegma can become impacted in the clitoral sinuses.56 The sinuses of the clitoris can harbor Taylorella equigenitalis, the causative agent of contagious equine metritis.57 Extirpation of the clitoral sinuses has been recommended as a treatment of affected mares. Sinusectomy is completed as a standing procedure using local anesthesia. The glans clitoridis is not excised. The frenulum clitoridis, a fold of tissue overlying the clitoral sinuses, is retracted dorsad, and submucosal dissection is used to remove all clitoral sinus mucosa.57 The resulting surgical wounds are left open to heal by second intention.
 
 Congenital Anomalies Congenital anomalies do not occur very often. Persistent hymen is the most frequently observed developmental anomaly of the mare’s tubular genital system (Figure 61-25).58 The hymen may be imperforate or may be present in varying
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 Figure 61-25.  Appearance of a persistent hymen after it is exteriorized by an examiner.
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 Uterus and Ovaries Rolf M. Embertson
 
 ANATOMY The ovaries in the mare are approximately 70 to 80 mm (3 inches) long and 40 to 60 mm (2 inches) wide, but the size varies depending on the season and stage of the estrous cycle.1 The ovaries are generally kidney shaped with a palpable indentation, the ovulation fossa, present along the ventrally directed free border. The cranial aspect of the broad ligament, the mesovarium, attaches to the dorsal border of the ovary. The mesovarium contains vessels, nerves, and smooth muscle fibers that extend to the ovary. The ovarian branch of the ovarian artery supplies blood to the ovary.1
 
 62
 
  
 
 The funnel-shaped infundibulum of the oviduct is loosely attached to the ventral aspect of the ovary around the ovulation fossa. The oviduct continues as the tortuous ampulla and then as the more straight and narrow isthmus, prior to entry into the tip of the uterine horn at the tubal papilla. The uterine horns extend caudad to the uterine body. The majority of the uterine body is positioned within the peritoneal cavity, with the caudal aspect located retroperitoneally. The uterine body ends caudally as the thick-walled muscular cervix, which projects into the cranial vagina. The uterus is suspended in the caudal abdomen and pelvis by the broad ligament, also known as the mesometrium. The mesometrium contains
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 vessels, nerves, lymphatics, fat, connective tissue, and smooth muscle. The uterine blood supply, which courses through the mesometrium, originates from the uterine branch of the vaginal artery, the uterine artery, and the uterine branch of the ovarian artery.
 
 DIAGNOSTIC PROCEDURES A complete history and a thorough physical examination are essential to a comprehensive diagnostic workup. Palpation per rectum and per vagina, ultrasonography, and hysteroscopy provide additional information important to determining an accurate diagnosis and subsequent appropriate treatment. The results of blood work, hormone assays, culture and sensitivity, cytology, and histology are commonly used diagnostic aids. In addition, the laparoscope has become a frequently used tool for diagnosis of reproductive tract pathology.
 
 PREPARATION FOR SURGERY Preoperative Concerns Decreasing the volume of ingesta within the intestinal tract generally facilitates most elective procedures involving the ovaries or uterus. Withholding food for 12 to 36 hours prior to laparotomy or laparoscopy is recommended. However, disruption of a horse’s diet, feeding schedule, and environment may increase the risk of developing intestinal abnormalities (i.e., colic). Perioperative antibiotics and anti-inflammatory drugs are usually indicated for surgery of the cranial reproductive tract. Many surgical interventions on the uterus have to be performed on an emergency basis, requiring well-trained personnel to assist in the management of these conditions.
 
 Analgesia and Anesthesia Standing surgery of the cranial reproductive tract requires profound sedation, visceral analgesia, and local anesthesia. Detomidine is the most commonly used drug for sedation and analgesia for these procedures. It is commonly used in combination with butorphanol and xylazine. For long procedures, sedation can be effectively maintained with a continuous-rate infusion (CRI) of detomidine. Detomidine also has been administered as an epidural injection for prolonged sedation, although it has not been shown to be more effective than the more easily administered CRI.2 Epidural anesthesia may help facilitate some procedures. Many of the cranial reproductive tract procedures require general anesthesia. There is concern about the effects of inhalation anesthetic agents on the fetus in mares with dystocia and those undergoing a cesarean section (C-section). Total IV anesthesia (guaifenesin, ketamine, and detomidine) has been recommended for these mares, at least until the foal is delivered.3 However, most hospitals use inhalation anesthesia immediately following induction. For mares encountering dystocia, where resolution requires general anesthesia, I have had consistently good results using xylazine, diazepam, and ketamine for induction and isoflurane in oxygen for maintenance of anesthesia. Anesthesia should be induced promptly and maintained at a light surgical plane, allowing the procedure to proceed as quickly as possible. Rapid
 
 delivery of the live foal combined with immediate neonatal care provides the best opportunity for the foal’s survival from a difficult dystocia.
 
 Surgery General surgical concepts are as follows. For standing surgery, positioning the mare in stocks, tying the tail suspended upward, skin preparation, and surgical draping are essentially the same for a standing flank laparotomy or laparoscopy. The site(s) of local anesthetic infiltration for the incision(s) differ. A modified grid approach is standard procedure used for a flank laparotomy in the mare. Generally, local anesthesia is placed as a 20-cm vertical line block between the last rib and the distal border of the tuber coxae, extending distad from just dorsal to the dorsal margin of the internal abdominal oblique muscle. A vertical incision is made through the skin and subcutaneous tissue, then extended deeper through the external abdominal oblique muscle and aponeurosis. The internal abdominal oblique and transverse abdominal muscles are bluntly separated parallel to the muscle fibers. The peritoneal lining is bluntly penetrated to gain access to the abdomen. This approach is also used by some to assist a laparoscopic ovariectomy.4 The ventral approach to the abdomen in the mare, under general anesthesia, is much more commonly used for laparotomy than the flank approach. In part because of staff familiarity with colic surgery, a ventral laparotomy to approach the ovaries or uterus can be performed quickly and efficiently in most hospitals. There are few indications for a ventral laparoscopic approach to the ovaries or uterus.
 
 OVARIES Neoplastic Conditions Equine ovarian tumors are classified based on tissue type: surface germinal epithelium, sex cord-stromal tissue, and germ cell origin.5 In addition, mesenchymal tissue tumors may develop in the ovary and others may gain access through metastases. The sex cord-stromal tumors, generally referred to as granulosa cell tumors (GCTs), usually consist of granulosa cells but may contain granulosa and thecal cells.5 The GCT is the most common equine ovarian tumor, comprising approximately 85% of all equine reproductive tract tumors.4-8 The average age of affected mares is about 11 years.4,6,8 Affected mares may show anestrus, intermittent or continuous estrus (nymphomania), or stallion-like behavior.5 Generally, the affected ovary is enlarged, sometimes quite massively, and the contralateral ovary is usually small and inactive. A GCT most commonly develops unilaterally but can occur bilaterally; it is usually benign but may exhibit metastases. Ultrasonographically, GCTs are usually multicystic structures, although the appearance can vary. In one study of mares with confirmed GCT, 54% had elevated testosterone levels and 87% had elevated inhibin levels.5,9 Therefore, testing for both testosterone and inhibin may be most beneficial. Repeated palpation and ultrasonographic examination of the ovary may be useful to help rule out other causes of enlargement. Juvenile GCT has been reported in a few foals.5,7,9 Foals with juvenile GCT, although quite rare, usual present with a hemoabdomen.7,10 Ovariectomy is the treatment of choice to resolve this condition.
 
 Other neoplastic conditions of the ovary are rare. They include teratoma, cystadenoma, adenocarcinoma, lymphosarcoma, melanoma, dysgerminoma, and arrhenoblastoma.5
 
 Non-Neoplastic Conditions An enlarged ovary may have non-neoplastic causes.9,11 Occasionally, hematomas and cysts become quite large and adversely affect ovarian architecture. Abscessation can cause an enlarged, painful ovary. Ovariectomy is usually needed to resolve these conditions. Abnormal behavior is occasionally encountered in show mares during estrus. If hormone therapy is unsuccessful, bilateral ovariectomy can be used to correct this behavior.
 
 Ovariectomy Colpotomy Ovariectomy via a colpotomy has been used primarily for bilateral ovariectomy, either to improve a mare’s behavior or for research applications. The procedure has been used for years and has changed little, except for improvements in sedatives and analgesics.11-13 The mare is sedated and placed in stocks, and the tail is wrapped. Epidural anesthesia is generally recommended. The rectum is evacuated, and the bladder is emptied if it is distended. The tail is tied upward and the perineal region is prepared for surgery. A pointed bistoury or guarded scalpel is used to make a small incision through the cranial vaginal wall, 4 to 5 cm caudolateral to the cervix. The incision is made at the 2 or 4 o’clock position if the surgeon is right handed and at the 8 or 10 o’clock position if the surgeon is left handed. These sites avoid inadvertent penetration of the bladder, rectum, and uterine branch of the urogenital artery laterally. The peritoneum is penetrated with a thrust from closed, blunt-pointed scissors. This small incision is enlarged digitally until the entire hand can pass into the peritoneal cavity. Lidocaine-soaked gauze sponges, tethered with a long strand of umbilical tape, are held around the ovarian pedicle for 1 minute. The chain loop of the écraseur is placed around an ovary, with care taken to exclude other tissues, and is slowly (over 3 to 4 minutes) tightened until the ovary falls into the surgeon’s hand. The ovary is removed from the abdomen and the procedure is repeated to remove the contralateral ovary. The vaginal incision is allowed to heal as an open wound and the mare is kept standing for 2 to 3 days to prevent the rare case of eventration. Loose apposition of the wound edges with large absorbable sutures may lessen the anxiety level of the surgeon postoperatively. Broad-spectrum antibiotics and antiinflammatory drugs are administered for 5 days postoperatively, and the mare is walked daily for 2 weeks before resuming previous activities. Possible complications include excessive (possibly fatal) bleeding from the ovarian pedicle, eventration through the vaginal surgery site, abscessation or hematoma formation at the incision sites, and adhesions of abdominal contents to the incision sites.11-13 Laparotomy Ovariectomy via a laparotomy allows the ovary to be exteriorized under visual control, which facilitates direct hemostasis. The ovarian pedicle can be short enough that exteriorizing the
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 ovary for resection may be difficult. A flank approach can be used in the standing mare if there is concern about general anesthesia and the ovary is less than 10 cm in diameter. A flank approach may also be used with the mare under general anesthesia. A modified grid approach is used to access the abdomen. The most common complication that occurs at the flank surgery site is development of a postoperative seroma or formation of an abscess. A ventral approach to the abdomen can be via a midline, paramedian, or diagonal paramedian incision (see Chapter 34). The ventral midline incision may be most ideal for a very large ovarian tumor with a stretched ovarian pedicle. The diagonal paramedian laparotomy approach is the most useful approach for the majority of normal or enlarged ovaries.11,13-15 Because the incision is positioned directly over the ovary, less tension is applied to the ovarian pedicle during vessel ligation than with the other approaches. The mare is anesthetized and placed in dorsal recumbency, and the surgery site is prepared for aseptic surgery. A 12- to 15-cm (5- to 6-inches) long incision is made starting approximately 5 cm cranial to the mammary gland and nearly bisecting the angle formed by the ventral midline and the inguinal depression. The site of the incision can be adjusted to avoid large subcutaneous vessels. The incision is continued through the external rectus sheath, and the rectus abdominis muscle fibers are bluntly separated. Ligation and transection of 1 to 2 large neurovascular bundles found coursing perpendicular to the muscle fibers may be required. The internal rectus sheath is opened carefully with scissors. A hand is introduced into the peritoneal cavity, and the ovary is identified and pulled up to the incision. Stay sutures (No. 2 polyglactin 910) are placed through the ovary in a cruciate pattern. These sutures are very helpful for manipulating and removing the ovary. Distended follicles are aspirated to reduce the size of the ovary and to facilitate passage of the enlarged ovary through the incision. Ligatures (No. 1 or 2 absorbable suture) are placed around the cranial and caudal margins of the ovarian pedicle and used as additional stay sutures. A 90-mm thoracoabdominal stapling device (TA 90) is placed across the ovarian pedicle and discharged. The ovarian pedicle is transected between the rows of staples and the ovary. The ovary is then removed from the surgery site (Figure 62-1). After removal of the stapling device, tension is relieved on the end of the ovarian pedicle while continuing to hold the stay sutures, and the transection site is checked for bleeding. Occassionally, minor bleeding is encountered, requiring additional ligatures. The ovarian pedicle is placed back into the abdomen and the abdomen is closed. The rectus abdominis muscle fibers are reapposed with No. 2 absorbable suture in an interrupted cruciate pattern. The external rectus fascia is closed with No. 2 absorbable suture in a continuous pattern, the subcutaneous tissue with No. 1 absorbable suture in a continuous pattern, and the skin with No. 0 absorbable suture in a continuous pattern. An experienced surgeon is able to perform this procedure bilaterally, if needed, relatively swiftly.16 Most mares are hospitalized overnight and discharged the following day. Postoperatively, mares should be hand-walked for 1 week, followed by 2 weeks of small-paddock turn-out prior to returning to routine care. Postoperative complications are rarely encountered but include hemorrhage from the ovarian pedicle, traumatic anesthetic recovery, postoperative abdominal pain, incisional infection, and adhesion of the uterine horn to the surgery site.
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 Figure 62-2.  Laparoscopic ovariectomy, using the LigaSure Atlas, for hemostasis and transection of the ovarian pedicle.
 
 Figure 62-1.  Ovariectomy, using a commercial stapling unit for hemostasis prior to ovary resection.
 
 Laparoscopy Laparoscopic ovariectomy is generally performed as a standing procedure using an approach made through the flank.4,6,17,18 The primary advantages of the flank laparoscopy compared to the diagonal paramedian laparotomy for ovariectomy are the enhanced visualization of the surgical site with minimal tension on the ovarian pedicle, the ability to quickly and more confidently address potential hemorrhage, and avoidance of general anesthesia. Complications, although different, can occur with both techniques, with surgical site drainage being more common following the flank approach. Client costs are a function of how equipment, materials, personnel, and facilities are charged. Currently the surgery time may be less with the laparotomy, and the postoperative convalescent period is not dissimilar. Equipment needed for laparoscopic ovariectomy includes a videoendoscope camera, monitor, light source and cable, insufflator and tubing (not always used), a 0-degree or 30-degree 57-cm (22-inches) rigid endoscope, at least three 10-mm (4-inches) diameter 15- to 20-cm (6- to 8-inches) long cannulas with trocars, laparoscopic forceps, scissors, injection needle, and ligation instrumentation.17 Ligation of the ovarian pedicle can be done with ligating loop sutures, a stapling instrument, or a bipolar vessel-sealing device. For more information on laparoscopy, please review Chapter 13. The exact sites of the incisions for the laparoscopic portals vary between surgeons. The hand-assisted laparoscopic ovariectomy technique commences with a modified grid flank approach to the abdomen.4 The cannulas for the endoscope and instruments then are placed carefully to avoid trauma to bowel or the spleen. The ovary is visualized and the mesovarium is desensitized with lidocaine or mepivicaine. Placing local anesthetic into the mesovarium, rather than the ovary, has been shown to be more effective in reducing pain responses during surgery.19 The bipolar vessel-sealing device (LigaSure Atlas) (see Chapter 13) has been used effectively in our hospital, and others, for hemostasis and transection of the mesovarium (Figure 62-2).20
 
 Semm claw laparoscopic forceps provide a relatively secure grasp of the ovary for manipulation and extraction. However, No. 2 polygalactin 910 sutures placed in a cruciate pattern through the ovary provide a more confident purchase of the ovary than the forceps. If the hand-assisted approach was not performed, one of the portals needs to be lengthened to remove an enlarged ovary. To avoid creating a large flank incision to extract the ovary, an enlarged ovary can be reduced in size prior to removal. Aspirating fluid from some of the enlarged follicles usually results in significant size reduction. Additionally, the ovary can be reduced into smaller pieces by direct sharp dissection or with the use of a morcellator while it is held against the body wall incision within a specimen retrieval bag.4,6,21 Ovaries up to 30 to 40 cm in diameter have been removed laparoscopically using these techniques. Closure consists of apposing the muscles, followed by subcutaneous tissue and fascia, and finally the skin. Most mares return to the farm the next day with the same discharge instructions as for diagonal paramedian laparotomy ovariectomy. Complications following laparoscopic surgery through the flank vary.4,6,17,18 Complications related to sedation and analgesia include inadvertent recumbency and patient noncompliance. Cannula insertion complications include retroperitoneal insufflation, splenic or bowel puncture, and hemorrhage from laceration of the circumflex iliac artery. Loss of the ovary within the abdomen is undesirable. The most common postoperative complications are subcutaneous emphysema, mild colic, and incisional drainage.
 
 UTERUS Uterine Cysts Uterine cysts are most commonly found in older mares.22,23 They can be found on rectal exam but are usually diagnosed ultrasonographically. The presence of multiple uterine cysts may have an adverse affect on fertility. If the cysts are suspected to be the cause of infertility, they should be removed. Methods of cyst removal have included mechanical curettage, cyst rupture manually or with endometrial biopsy forceps, uterine lavage with a hypertonic saline or magnesium sulfate solution, electrocoagulation of the cyst, and laser ablation.22,23 In our practice,
 
 laser ablation has been the most successful method of cyst resolution and is currently the most accepted technique. The mare is sedated and placed in stocks, and the perineal region is prepared for hysteroscopy. A 1-m videoendoscope that has been cold-sterilized and rinsed with sterile water is passed through the cervix into the uterus. The uterus is distended with air to allow visualization of the uterine body and both horns. The diode laser fiber is passed through the biopsy channel of the endoscope into the uterus. The uterine cysts are first punctured and drained with the diode laser, set on a power setting of 15 W. Following release of the fluid, lasing is continued until the remaining cystic tissue and its base are shriveled and charred. Smoke and fluid often need to be evacuated from the uterus a few times during the procedure. Immediately after the procedure, the uterus is lavaged or infused with antibiotics. The uterus should be lavaged daily for 2 or 3 days postoperatively to remove the retained cyst fluid and debris created by photoablation. An ultrasonographic examination of the uterus should be performed approximately 30 days postoperatively and prior to breeding. One report of the use of the Nd : YAG laser to ablate endometrial cysts in 55 barren mares demonstrated improved fertility.23 In my experience, ablation of the lining and base of the cyst should prevent recurrence of the cyst. However, additional cysts may form in other locations.
 
 Pendulous Uterus Delayed uterine clearance has been recognized as a contributing factor to infertility in the mare.24 The conformation of the reproductive tract commonly found in older mares, where the cranial aspect is positioned ventral to the caudal aspect, plays a role in delayed uterine clearance. In a mare with poor conformation, a recent report showed that elevating the uterus and fixing it in a more horizontal position would improve her prognosis for conception and carrying a fetus to term.25 The surgical technique to elevate the uterus involves creating three laparoscopic portals in the left flank. The mesometrium is infiltrated with local anesthetic solution. The left side of the uterine body and horn are sutured to the mesometrium. The suture line starts at the caudal aspect of the uterus where the mesometrium attaches to the uterus. A suture is passed through the seromuscular layers of the uterus at that level, through the mesometrium approximately 3 cm dorsal to its uterine attachment, and then tied. A continuous suture line is continued in this fashion to near the cranial aspect of the uterine horn. This suture line essentially imbricates the mesometrium. Following placement of this suture, the exact same procedure is performed to elevate the right side of the uterus from the right flank. The original report describes placing the suture line using laparoscopic needle holders.25 The Endostitch 10-mm Suturing Device has also been used successfully for the uteropexy procedure.26 In one report, five mares had been barren for a mean of 3.8 years prior to surgery.25 Three of these mares became pregnant postoperatively, with one mare having foaled by the time of publication submission. Although the procedure is initially promising, it is too early to determine an accurate success rate and any potential complications that may be encountered.
 
 Uterine Neoplasia and Chronic Pyometra Uterine neoplasia and chronic pyometra are uncommon conditions.27-30 Chronic pyometra is generally the result of an
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 obstruction of complete uterine drainage because of severe cervical trauma. If medical therapy is unsuccessful, an ovariohysterectomy is indicated. Drainage of the uterine contents prior to surgery is advisable. The most commonly encountered uterine tumors are leiomyoma and leiomyosarcoma. Rhabdomyosarcoma, adenocarcinoma, and other types have also been reported.27,30 Most uterine tumors can be resolved by tumor removal or partial hysterectomy. However, infrequently ovariohysterectomy is indicated. Total ovariohysterectomy is best approached through a caudal ventral midline incision with the mare under general anesthesia and in dorsal recumbency. The ovarian pedicles are ligated, and dissection continues through the broad ligament, ligating large vessels in the process. The body of the uterus is transected as far caudad as possible, with care taken to avoid contaminating the peritoneal cavity. The uterine stump is closed with a double-inverting suture pattern. The abdomen is closed in routine fashion.13,27 A recent report describes the laparoscopic dissection and hemostasis of ovarian and uterine structures followed by inversion of the uterus through the cervix and into the vagina, where the uterus was then resected.30 Solitary masses, even if quite large, can be successfully removed from the uterine wall with the mare remaining fertile.31 The affected part of the uterus is approached through a caudal ventral midline or paramedian incision followed by exteriorization and dissection of the mass from the uterine wall. Partial ovariohysterectomy has been used to remove a focal uterine tumor and ovarian masses with adhesions to the uterine horn.28,32-35 Surgical approaches have included a caudal ventral midline and paramedian laparotomy and a standing flank laparoscopy. Live foals have been produced by mares after partial ovariohysterectomy where various amounts of the uterine horn were removed. It is difficult to determine exactly how much uterine horn is needed to maintain a pregnancy, and this likely varies between horses. Based on a review of several papers, it appears that most mares can maintain a pregnancy with up to 50% of a uterine horn removed, but fertility decreases proportionally to the amount of horn removed beyond that.36,37
 
 Uterine Torsion Mares with uterine torsion generally present with signs of colic. Affected mares usually exhibit mild to moderate, intermittent abdominal pain. The diagnosis is usually made by rectal examination. In most cases, a taut broad ligament is palpable, coursing dorsal to the caudal aspect of the uterus in the direction of the torsion. An ultrasonographic examination may provide useful information about fetal viability, status of the uterus, and other abdominal abnormalities. Uterine torsion can affect mares of all ages, usually during the last 2 months of gestation, although this varies.38-40 In the most recent study of 63 mares, 90% were younger than 16 years, 60% had the torsion directed clockwise, and 80% had torsions 180 degrees or less.40 Overall mare survival was 84%, with a survival rate of 97% if gestation was less than 320 days and 65% if gestation was 320 days or longer. Overall foal survival was 54%, with a survival rate of 72% in foals less than 320 days of gestation and 32% in foals 320 days or more of gestation.40 These numbers compare favorably to another study involving 26 mares, where 73% of the mares and 46% of the foals survived.39 Uterine torsion is usually diagnosed
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 in its acute stage, although chronic uterine torsion has been reported.41,42 Surgical and nonsurgical management of uterine torsions have been used successfully. The standing flank approach has been more popular than the ventral midline approach for surgical repair.38,39 However, in the recent report of 63 mares, 30 were treated through a ventral midline approach, 23 through a flank approach, and 10 by rolling.40 In this study, there was no statistically significant difference for mare survival regarding method of resolution. Nonsurgical management usually requires general anesthesia and rolling of the mare 360 degrees in the direction of the torsion. A long wooden plank, firmly placed across the mare’s flank, is helpful in keeping the gravid uterus in the same position while the mare is rolled around it. This method of management has been successful. However, uterine rupture in a mare at term has been reported.43 The few mares that are at term may be successfully corrected while standing by passing a hand into the uterus, grasping the fetus, and gradually rocking it, together with the uterus, in larger and larger arcs until it untwists.38 For the standing flank approach, the mare is sedated and placed in stocks. Local anesthesia is administered and routine surgical preparations are made. The flank incision is made on the side toward which the uterus is twisted. A modified grid approach through the body wall is used. An arm is introduced and a hand is placed under the gravid uterine horn. The uterus is gradually rocked back and forth, eventually allowing the uterus to flip back into its normal position. The status of the fetus and of the uterus should be evaluated. Closure is routine. A ventral midline approach should be used if uterine rupture, tearing, or devitalization is suspected, if the foal is known to be dead and the mare is preterm, and if attempts at standing correction are unsuccessful.13,39,40 If the mare is in a surgical facility where many abdominal surgeries are performed, the ventral midline approach should be considered instead of the flank approach, since it is more versatile.
 
 Uterine Prolapse Uterine prolapse occurs rarely in mares.13,44,45 It tends to occur more frequently after dystocia and when fetal membranes are retained. Tension placed on the placenta and the use of disproportionate amounts of oxytocin have also been implicated with uterine prolapse. Although rare, the condition may be complicated by bladder prolapse, uterine tear, intestinal herniation, or uterine vessel rupture. Uterine prolapse can be quite painful for the mare, and prompt sedation is indicated. Tocolytic agents, if available, may help decrease straining and discomfort. Prompt treatment is important. The uterus should be cleaned with saline and any placenta not directly attached to the uterus should be resected. Keeping the uterus elevated and protected in a plastic bag until definitive treatment is started reduces swelling, contamination, trauma, and straining. The uterus can often be replaced in the standing mare if she is heavily sedated. Copious amounts of lubricant are used, and the uterus is gradually pushed back into its normal position. The use of fingertips should be avoided. Epidural anesthesia can be helpful in reducing straining. However, I do not routinely use epidural anesthesia, because it may not eliminate all straining, and its use is contraindicated if general anesthesia is performed. If standing uterine replacement is unsuccessful, the
 
 mare is anesthetized and her hind limbs are hoisted. The lack of straining and aid of gravity allow the uterus to be replaced relatively easily into its normal position. Care is taken to ensure that the uterine horns are fully extended. The vulva is sutured closed, except for a small ventral opening, and the mare is recovered. Postoperatively, the mare is treated with antibiotics, anti-inflammatories, and IV fluids if needed. The sutures are removed from the vulva and uterine lavages commence the next day. Although post-reduction oxytocin has been recommended, I avoid its use for 24 to 36 hours, as it may cause discomfort and straining.13,44,45
 
 Uterine Tear A uterine tear (laceration or rupture) usually occurs during a dystocia or normal foaling, but it also rarely occurs with uterine torsion or hydramnios (Figure 62-3).13,15,46,47 Tears near the tips of the uterine horns are likely the result of acute rapid thrusts of the fetal hind feet during foaling. Most of these injuries occur during a percieved normal foaling. Tears in the uterine body (and vagina) logically result from forceful penetration of a blunt appendage (e.g., foot, muzzle, etc.) through a stretched and relatively unyielding uterine wall. These injuries usually occur during dystocia. Caudal uterine or vaginal tears are infrequently associated with evisceration of bowel during foaling. Presented with this situation, the bowel should be cleansed and replaced in the abdomen prior to delivering the foal. The tear should then be identified and a plan formulated for repair. Very rarely, a fetus gains access to the abdomen through a uterine tear, necessitating abdominal surgery to deliver the foal and repair the uterus. Tears in the uterine body are sometimes found relatively soon after foaling and prior to development of peritonitis. The cervix and caudal uterus should be palpated during the first postpartum uterine lavage. However, palpation of a tear in the caudal uterus can be difficult after delivery because of the swelling and folding of the uterine lining. Most uterine tears are diagnosed 1 to 3 days postpartum.13,15,46-48 The most common presenting signs are depression, fever, mild abdominal discomfort, and tachycardia. This history and clinical signs, ultrasonographically identified excessive, cellular peritoneal fluid, and an elevated peritoneal WBC count
 
 Figure 62-3.  Typical appearance of a uterine tear near the apex of the uterine horn.
 
 and total protein point strongly to a diagnosis of uterine tear. Further diagnostics, such as rectal exam, peritoneal fluid cytology, and so on, are needed to rule out intestinal tract trauma as the cause of peritonitis. Two recent retrospective studies examining uterine tears yielded the following relatively similar results.47,48 One study compared surgical to medical treatment of uterine tears.47 The other examined the results of more than 70 mares with surgically treated uterine tears.48 The most common presenting signs are listed in the previous paragraph. The median age was about 10.5 years. Tears were more common in the uterine horns (about 75%) than the body (about 25%). More tears occurred in the right uterine horn (about 75%) than the left (about 25%). Although there was a broad range, upon admission the median peritoneal fluid WBC count was about 70,000/μL and total protein value about 4.6 g/dL. The overall survival rate was about 76% in both studies. There were some differences between the studies. In one study, there was no significant difference in survival rate between mares with tears in the uterine horns and those with tears in the uterine body.47 In the other study, although not statistically analyzed, mares with uterine horn tears had a higher survival rate (84%) than those with uterine body tears (58%).48 In the former study, there was no significant difference in survival rate, days of hospital stay, treatment costs, or fertility between medical and surgical management of the uterine tears.47 Of 13 mares bred the same year as the injury, 12 concieved and carried the foal to term. In the other study, medical treatment was not evaluated.48 All of the uterine tears in the latter study were repaired surgically.48 All of the uterine horn and some of the uterine body tears were accessed through a caudal ventral midline celiotomy. These defects were closed using a simplecontinuous pattern and oversewn with a continuous inverting pattern, both using No. 1 multifilament absorbable suture material. The abdomens were lavaged during surgery and for 2 to 3 days postoperatively. Uterine lavage started 1 day postoperatively and continued for 3 to 4 days. Perforations in the caudal body of the uterus were repaired in the standing mare per vagina. Closure usually consisted of a single layer of simpleinterrupted or continuous No. 2 absorbable suture. One paper referenced in this section has shown that medical treatment is a viable option for many uterine tears.47 However, I am of the opinion that prompt surgical treatment of a uterine tear enables an accurate diagnosis, prevents further contamination of the abdominal cavity, allows the most thorough peritoneal lavage, and therefore hastens recovery.
 
 Periparturient (Broad Ligament) Hemorrhage Hemorrhage from one of the arteries supplying blood to the reproductive tract in the mare is the most common cause of death of the postpartum mare. A study of 98 mares that died after delivery revealed that 40 died from a rupture of one of these arteries.49 Recognition of this condition and differentiating it from other causes of acute abdominal pain in the periparturient mare is important, as an exploratory celiotomy is generally contraindicated in these mares. The actual site of the arterial bleeding was determined in one report of 31 mares that died from periparturient hemorrhage.50 These sites included the uterine artery (n = 24), internal pudendal artery (n = 5), intenal iliac artery (n = 1), and caudal mesenteric artery (n = 1). The mares in this study had a mean age
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 of 16.9 years, a mean parity of 9.5 times, and a mean time postfoaling to death of 8.5 hours. More than 90% of these mares died within 24 hours after delivery. Histological comparison of the rupturd vessels in these mares to uterine arteries collected from younger, less-multiparous mares revealed that atrophy of the smooth muscle cells with fibrosis of the arterial wall was one of the predisposing factors in aged multiparous mares.50 The vast majority of affected mares are aged and multiparous.13 Often, these mares initially exhibit significant abdominal pain, especially if the blood is contained within the broad ligament. Rectal examination of persistently painful mares generally reveals a fluctuant mass in the broad ligament. If the broad ligament ruptures and the blood gains access to the abdominal cavity, the pain often dissipates and, on rectal examination, the broad ligament has a more edematous feel. On presentation, these mares generally have very pale mucous membranes, a weak pulse, and an elevated heart rate, are anxious, and are often sweating. The condition is diagnosed from the history and physical findings previously stated, identifying a hematoma or free blood on a rectal or abdominal ultrasonographic exam and the presence of blood in a peritoneal fluid sample. Salient findings from another study of 73 mares with periparturient hemorrhage are as follows.51 The median age was 14 years and median parity was 8 times. The hemorrhage occurred after delivery in 86% of the mares, and of these mares the median time interval from foaling to the hospital was 12 hours. Only 19% of these mares had a history of dystocia. In this study, 84% of the mares survived to hospital discharge. Treatment varies depending on the clinician, but it should be aimed at avoiding excitement, restoring cardiovascular volume, controlling pain, enhancing hemostasis, and preventing infection.51 Attempts to ligate the ruptured artery have met with limited success.
 
 Cesarean Section Elective Cesarean Section Candidates for an elective Cesarean section (C-section) include mares that have a compromised birth canal as a result of a previous pelvic fracture or a soft tissue injury within the reproductive tract, and mares that have previously had a difficult dystocia or a severe uterine artery hemorrhage. The surgery must be well timed to yield a viable foal and have minimal adverse effects on the mare. Therefore, it is important to perform the surgery as close as possible to the natural foaling time. The mare should be hospitalized 7 to 10 days prior to her due date. Her physical status is checked frequently to determine udder development, softening of her perineal tissues, and behavior. Concentrations of electrolytes in the mammary secretions are very helpful for timing the surgery.27 Decreasing sodium and increasing potassium and calcium levels are good indicators of impending parturition. The surgery, when performed, should proceed rapidly, with knowledgeable staff waiting to resuscitate the anesthetized foal on delivery. The fetal survival rate following elective C-section should be higher than 80%.52-55 Emergency Cesarean Section The most common reason to perform a C-section in the mare is to resolve a dystocia.27,52,54-57 This is truly an emergency situation and when the decision is made, the C-section should
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 proceed rapidly. The team of people involved should be well organized and prepared for this situation. Other circumstances potentially dictating the need for an emergency C-section include a near-term mare undergoing colic surgery or correction for uterine torsion. Under these circumstances, if the mare appears to have a good prognosis for survival, the fetus should remain in the mare until normal parturition. However, a C-section should be performed if the mare has a guarded prognosis. One study showed only three of eight (38%) term foals delivered during colic surgery survived to discharge.54 It would be very unusual to encounter significant incisional complications during parturition following a recent abdominal surgery, so this should not be a factor when considering an emergency C-section. SURGICAL TECHNIQUE As the obstetrical manipulations for controlled vaginal delivery are being performed, the ventral midline of the mare is being prepared for a possible C-section (Figure 62-4).56,57 When the decision is made, the surgery room is set up and the mare is positioned on the surgery table and readied for surgery. The time from the decision to perform a C-section to the delivery of the foal should be no more than 20 minutes. If the foal is known to be dead, this time is not as critical. The most common approach to the uterus used for C-section in the mare is the caudal ventral midline.15,27,52-58 The mare is positioned in dorsal lateral recumbency with the ventral midline tilted toward the surgeon. A 35- to 40-cm incision is made into the abdomen beginning 10 cm caudal to the umbilicus and extending craniad. The gravid uterine horn, which usually contains the hind limbs of the fetus, is located and exteriorized. One stay suture is placed in a cruciate pattern near the tip of the uterine horn, close to the position of the fetal feet, and another toward the body of the uterus, close to the position of the fetal hocks. An assistant surgeon handles the stay sutures during the procedure to minimize contamination of the abdomen with uterine fluids and to help facilitate closure. An extra impermeable drape is placed over the other drapes on the surgeon’s side of the abdomen.
 
 An incision is made through the uterine wall and chorioallantois from the level of the fetal hocks to the feet, creating a straight incision between the stay sutures (Figure 62-5). During extraction of the fetus, it is not uncommon to have the uterine wall tear slightly at the end of the uterotomy. The amniotic membrane, which has collapsed around the foal, is elevated and incised. The surgeon grasps the hind limbs and lifts the fetus up and out of the uterus. The hind limbs are handed to a third assistant, and the surgeon pulls the body up and out of the uterus. In this manner, the fetus is pulled from the mare rapidly. The umbilical cord is clamped and transected and the neonate is quickly transferred to a table set up just outside the surgery room for resuscitation and evaluation. The chorioallantois is separated from the endometrium for 3 to 4 cm along the incised edge of the uterine wall. If the placenta separates easily from the uterus, it may be entirely removed at that time. However, it is usually still well attached. Infrequently, the hind limbs are not present in a uterine horn, making it extremely difficult to exteriorize any part of the uterus. The uterine incision is then made at the base of a horn and body of the uterus with the uterus in the abdomen. This causes significant concern about the amount of contamination occurring during surgery. After closure of the uterus, the abdomen will be lavaged with copious amounts of saline. The incised edge of the uterine wall bleeds profusely. A continuous suture line is placed along this edge and large vessels are individually ligated to provide hemostasis. The need for the hemostatic suture line has been questioned.59 However, I believe that it ensures close examination of the uterine edges and lessens the risk of postoperative bleeding enough to warrant the 10 minutes needed for its placement. The assistant elevates and tenses the stay sutures to facilitate closure of the uterus, which is performed in two layers with No. 1 or 2 absorbable suture material. The suture patterns used depend on the surgeon’s preference. An inverting pattern is necessary in the outer layer to provide a serosa-to-serosa seal with exposed deeper tissues. This helps to prevent adhesions. After uterine closure, the uterus is lavaged and 40 units of oxytocin is administered IV. This quickly stimulates contraction of the uterus and aids expulsion of the placenta. The stay sutures are removed and the uterus is replaced into its normal position in the abdomen.
 
 Figure 62-4.  Controlled vaginal delivery. The mare’s hind limbs are
 
 Figure 62-5.  C-section with the uterine horn containing the hind
 
 hoisted, the clinician is repositioning the foal, and the technicians are preparing the abdomen in case a C-section is necessary.
 
 limbs exteriorized. The amnion is partially incised near the point of the hock.
 
 The extra impermeable drape is removed, the drape surface around the incision is lavaged, and the surgeon’s gown and gloves are changed if needed. The abdomen is lavaged with 10 to 15 L of warm saline, which is removed by suction. An abdominal drain for subsequent lavage may be placed if deemed necessary. A crystalline penicillin solution is instilled into the abdomen, which is closed in routine fashion for a ventral midline celiotomy. Terminal Cesarean Section Significant concern for a foal in a mare with a terminal illness may require a C-section. Examples include mares recumbent as a result of neurologic abnormalities, severe laminitis, or other potentially fatal or debilitating conditions. If euthanasia is planned for the mare after the surgery, sterility is not a high priority but speed of delivery is. Most of these surgeries can be performed quickly through a low flank approach after induction of anesthesia. Aftercare Postoperative care for a C-section mare is very similar to that for any mare after abdominal surgery, with special attention paid to the reproductive tract. Some mares pass their placenta in the recovery stall. If the placenta has not passed, oxytocin is again administered 2 to 3 hours after delivery. The initial dose is 40 U in 1 L of lactated Ringer’s solution given IV over 30 to 60 minutes. Since this often causes abdominal pain, the rate of administration is dictated by the response of the mare. In refractory cases, 80 U is used every 4 to 6 hours. Usually, the placenta passes within 8 hours after delivery. Manual rupture of the chorioallantoic membrane and exteriorization of the amniotic membrane per vagina may be needed to initiate placental expulsion after an elective C-section. Uterine lavage is started soon after the placenta is passed, or simultaneously if it is retained. The uterus is generally lavaged once daily for 3 to 4 days. Systemic antibiotics and flunixin meglumine are administered for 3 to 5 days after the delivery, depending on the degree of contamination and tissue trauma encountered. Intravenous fluids are administered as needed to maintain adequate hydration and vascular volume and to correct electrolyte imbalances. Abdominal surgery, even without manipulation of the intestines, combined with possible bruising of the small colon or cecum from the dystocia, can result in transient postoperative ileus. Swollen and painful pelvic tissues may lead to retention of feces. The postpartum diet should reflect concern for these potential problems. Water is offered freely. The mare is walked and allowed to graze on green grass the first postoperative day. A bran mash with mineral oil may be beneficial. Discharge instructions include hand walking 2 to 3 times each day, with or without small-paddock turn-out for 3 to 4 weeks.
 
 DYSTOCIA Dystocia in the mare is one of the few true emergencies an equine practitioner may encounter. Prompt action increases the probability of survival of the foal and decreases the degree of reproductive trauma to the mare.56,57,60,61 The four procedures to resolve dystocia are assisted vaginal delivery, in which the mare is awake and is assisted in the vaginal delivery of an intact foal; controlled vaginal delivery (CVD), in which the mare is
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 anesthetized and the clinician is in complete control of the delivery of an intact foal vaginally; fetotomy, in which the dead fetus is divided into more than one part for removal from the uterus per vagina in an awake or an anesthetized mare; and C-section, in which the fetus is removed through an incision in the uterus. The goal of dystocia resolution is to deliver a live foal in a manner resulting in a reproductively sound mare.57 This is usually accomplished at the farm. However, referral hospitals need to be prepared for difficult cases, and the clinician must be able to perform whatever procedure is necessary to resolve any dystocia. Currently, emergency clinicians, who are usually trained as surgeons or internists, tend to perform C-sections at these hospitals. Thus, these clinicians should also be familiar with CVD and fetotomy techniques. No single procedure is right for every situation. After the mare is in the hospital, dystocia requires prompt action. The mare is anesthetized shortly after arrival to attempt CVD. The hind limbs are hoisted upward until the pelvis is about 3 feet above the ground. Decreased straining, aided by the effects of gravity, and lubrication usually enable resolution of the dystocia. If the foal cannot be delivered within 15 minutes, a C-section or fetotomy should be considered. C-section techniques were described earlier. Fetotomy techniques are described elsewhere.62-64 Results of dystocia resolved in a referral hospital in an area with a high concentration of broodmares were reported in 2002.56 Of 247 cases of dystocia, 71% were resolved by CVD, 25% by C-section, and 4% by fetotomy. At the same hospital, with now more than 700 cases of dystocia at the time of this writing, the distribution of how dystocias were resolved has stayed essentially the same. The method of dystocia resolution varies between hospitals.56,58,61 It is difficult to compare short-term survival rates of dystocia mares between different studies. In studies reporting all the procedures used to resolve dystocia, mare survival rates ranged from 82% to 91%.54,56,61 The mare survival rate following CVD, in the earlier study was 94%.56 Mare survival rates following C-section to resolve dystocia have ranged from 82% to 91%.54,56,58,65 Studies focusing on the results following fetotomy performed in a referral hospital or on a farm yielded mare survival rates of 90% to 96%.63,64 Duration of dystocia directly affects foal survival. Two studies have shown significant differences in duration of dystocia (from chorioallantois rupture to delivery) between foals surviving and not surviving to discharge from the hospital.56,61 In one study, the group of surviving foals had a duration median of 60 minutes and the nonsurvivor foals had a duration median of 79 minutes.56 In this study, 42% of the foals were born alive and 30% were discharged. In another study, the group of surviving foals had a median duration of 71 minutes and the nonsurvivor foals had a median duration of 249 minutes.61 In this study, 30% of the foals were born alive and 13% were discharged. The median duration was significantly different. In these studies, no foal survived to discharge following dystocia duration of more than 162 minutes. Interestingly, in another study of 33 Fresian mares, the surviving foals had a dystocia mean of 164 minutes and the nonsurvivor foals had a mean duration of 490 minutes. In this study 42% of the foals were born alive and 31% were discharged. It was surmised that the difference resulted from fewer foals engaging in the pelvic canal prior to resolution of the dystocia in this breed.58
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 Increasing duration of dystocia prior to resolution adversely affects fertility of the mare. Live foaling rates are decreased, but can approach normal. Minimizing trauma to the mare’s reproductive tract during resolution of dystocia will improve postdystocia fertility.55-58,63,64
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 History Important historical information for horses that may require surgical treatment of the urinary tract includes type and duration of clinical signs, diet, whether other horses may be affected, medications administered, and response to treatment. The most common presenting complaints for horses with urinary tract disease are weight loss, decreased performance, and abnormal urination (stranguria, pigmenturia, pyuria, or incontinence). Other clinical signs vary with the cause and site of the problem and may include fever, anorexia, lethargy, ventral edema, oral ulceration, excessive dental tartar, colic, or scalding or blood staining of the perineum or hind legs (Table 63-1). Although lumbar pain and hind limb lameness have been attributed to urinary tract disease (and may occur with a large renal mass), a musculoskeletal problem is the more common cause of these clinical signs. Decreased performance may be an early presenting complaint for renal disease, possibly a consequence of changes associated with uremia (anemia and lethargy). An occasional horse with urolithiasis or renal neoplasia may have a history of recurrent colic. Prolonged or repeated posturing to urinate and dysuria or hematuria are important findings to implicate the urinary tract as the probable source of abdominal pain in such patients. Obstructive urethrolithiasis in male horses also generally presents as “renal colic,” but noteworthy differences from other types of colic are that affected horses typically have the penis dropped and are still willing to eat with this problem. When collecting a history, owners should be queried about water intake and urine output as well as changes in frequency, posturing, and appearance of urination. Increased thirst and water intake (polydipsia) may be reported with renal disease, pituitary pars intermedia dysfunction, primary polydipsia, diabetes mellitus, or diabetes insipidus.1 Astute owners may report increased thirst after exercise or a change in urine appearance, such as a clearer stream, to support polyuria and polydipsia (PU/PD). Owners should also be questioned about any apparent discomfort shown by the horse when posturing to urinate or during actual micturition (i.e., stranguria) as well as abnormal appearance of urine (e.g., pigmenturia, pyuria, or excessive 894
 
 TABLE 63-1.  Historical Factors and Presenting Complaints Associated with Upper and Lower Urinary Tract Disorders Disorder
 
 Complaints
 
 Upper urinary tract disorders
 
 Decreased performance Lethargy Partial inappetance Weight loss Increased thirst Polyuria and polydipsia Recurrent fever Ventral edema Oral ulcers Excessive dental tartar Stranguria Pollakiuria Prolonged or abnormal micturition posture Dropped penis Distended urethra below anus Mass on external genitalia Incontinence Urine scalding Strong urine odor Acute colic Recurrent colic Abnormal gait Hematuria Pyuria
 
 Lower urinary tract disorders
 
 Upper and/ or lower urinary tract disorders
 
 sediment). Pollakiuria (frequent urination) and polyuria (increased urine production) can be confused by an owner and careful questioning is necessary to distinguish between these two problems. Pollakiuria can be seen in normal mares during estrus or with cystic calculi or cystitis in either sex. In contrast, polyuria more often accompanies the previously listed disorders associated with polydipsia. Pollakiuria should also be differentiated from frequent involuntary voiding of urine typical of horses with incontinence. With the latter problem, urine is often passed without the horse posturing to urinate and, in the
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 early stages of incontinence, may only be observed during exercise. In mares with incontinence, the number of foals delivered should be determined along with any history of dystocia that could have damaged the lower urinary tract. Owners of horses presenting with incontinence should be carefully questioned about possible musculoskeletal or neurologic disorders in the months to years before because incontinence may be a late complication of these primary problems.2 Further, if excess urine sediment is observed when urine is passed on a flat surface (e.g., when placed in cross ties or a wash stall), accumulation of urine sediment in the bladder should be suspected. When the presenting complaint is pigmenturia, questions about recent exercise or management changes, as well as when discolored urine is observed, are useful to determine whether the primary problem may be myoglobinuria, hemoglobinuria, or hematuria (Table 63-2).3 Recent muscle cramping (rhabdomyolysis) during exercise would support myoglobinuria, whereas hemolysis and hemoglobinuria may develop with infectious diseases, exposure to toxins, or as a consequence of immune-mediated hemolysis. Treatment with other medications including rifampin, phenothiazines, nitazoxanide, and phenazopyridine can also cause urine to turn orange, whereas treatment with doxycycline may cause urine to turn dark brown to black. Finally, exposure of equine urine to air typically results in a progressive deepening of color from deep yellow to orangered to brown. This may be confused with pigmenturia when discolored urine is observed on bedding. This progressive discoloration occurs in some, but not all, urine samples and has been attributed to presence of pyrocatechins in equine urine that change color as they oxidize when exposed to air. In some instances, the urine also turns red after voiding and owners may call when they observe “red urine” on snow. When pigmenturia is a result of hematuria, passage of red urine throughout urination is consistent with hemorrhage from the kidneys, ureters, or bladder, whereas hematuria at the beginning of urination is often associated with lesions in the distal urethra. Hematuria at the end of urination is usually the result of hemorrhage from the proximal urethra or bladder neck. In fact, the primary rule out for hematuria following exercise is cystolithiasis, whereas passage of several squirts of bright red blood with urethral contractions after the end of urination is nearly pathognomonic for proximal urethral rents in male horses.4
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 TABLE 63-2.  Causes of Pigmenturia in Horses Type of Pigmenturia Idiopathic pigmenturia
 
 Myoglobinuria
 
 Hemoglobinuria
 
 Hematuria
 
 Causes Oxidation of pyrocatechins in normal urine Drug-associated rifampin Phenothiazine Nitazoxanide Phenazopyridine doxycycline Exercise-associated rhabdomyolysis Complication of anesthesia (crush injury) Complication of Strep. equi infection Clostridial myonecrosis Infectious disease piroplasmosis Equine infectious anemia Clostridium spp. Intoxication Red maple (Acer rubrum) Onions Immunological disorders Purpura hemorrhagica Neonatal isoerythrolysis Adverse drug reactions Procaine penicillin G Nonsteroidal anti-inflammatory drugs Urolithiasis Urinary tract infection Proximal urethral rents Neoplasia Verminous nephritis (Halicephalobus gingivalis, Strongylus vulgaris) Idiopathic renal hematuria Vascular malformations Bladder hematoma (neonates) Exercise-associated bladder mucosal trauma Intoxication Blister beetle (cantharidin) poisoning Nonsteroidal anti-inflammatory drugs
 
 Physical Examination Physical examination findings in horses with upper urinary tract disease may be fairly unremarkable, but subtle changes might be detected. For example, decreased body condition, intermittent decreased appetite, excessive dental tarter, mild ventral edema, and a “fishy” or uremic odor of the oral cavity and skin may be the only outward signs of chronic renal failure (CRF) in uremic horses.5 Horses with pyelonephritis may have intermittent fevers, lethargy, and decreased appetite, whereas the occasional horse with a renal mass may have altered abdominal conformation (protrusion of the flank on the affected side), mild scoliosis, altered hind limb stance, and hind limb gait abnormalities.6 Horses with lower urinary tract disease are often in good body condition with normal vital parameters. Careful examination of the external genitalia may reveal dried blood, a mass, or excessive urine odor. Horses with incontinence typically have
 
 urine scalding of the perineum (mares) or of the lower hind limbs (males) in addition to a strong urine odor around the hindquarters. When incontinence is present, it is useful to assess whether the horse appears conscious of bladder distension (becomes restless or uses abdominal muscles to partially empty the bladder) or whether urine appears to be intermittently voided in an unconscious manner. When incontinence is the primary problem, complete lameness and neurologic examinations should be performed to determine whether gait deficits accompany the lower urinary tract disorder. In younger horses with unilateral ectopic ureter, intermittent urine dribbling from the vulva or penis may be observed along with urine scalding. When this problem is unilateral, affected horses are typically reported to also posture and urinate normally.
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 Part of the initial assessment of horses with suspected renal disease or other disorders causing PU/PD should be to quantify water intake. Daily water intake provided by drinking is normally 45 to 55 mL/kg per day (22.5 to 27.5 L/day for a 500-kg horse) and can be determined by stabling the horse alone and providing a known volume of water.7 Because water intake can vary with environmental conditions, level of activity, and diet, repeated measurement over several 24-hour periods provides a more accurate assessment of daily water consumption. Quantitative assessment of urine output, which should range between 0.5 and 1 mL/kg per day (6 to 12 L/day for a 500-kg horse), is more challenging to perform. Urine collection harnesses can be applied for 24-hour urine collections, and although horses used for research tolerate these devices fairly well, they have limited application to clinical patients.
 
 this situation, the bladder and disc-shaped cystolith are best palpated with the hand inserted only wrist deep into the rectum. If the hand is inserted farther forward to search for the bladder in the expected location over the brim of the pelvis, a cystolith can be missed because it may be lying just under the forearm. Most horses presented for incontinence have a large bladder that can easily be made to overflow with pressure placed over the top of the bladder. In contrast, it is nearly impossible to express urine from a horse with a normal urethral sphincter during rectal palpation. Horses with large, atonic bladders often develop sabulous urolithiasis, an accumulation of normal urine sediment in the ventral aspect of the bladder. This sabulous
 
 Rectal Examination Rectal palpation should be included as part of a complete physical examination of all horses with suspected urinary tract disease. Initially, the urethra below the anus in male horses should be examined externally as the tail is lifted. Moderate to severe distention often accompanies urethral obstruction, and the offending urolith may be palpated at or below the level of the ischial arch (Figure 63-1). In addition, symmetry of the perineum should be assessed because deformities may be detected in some horses with proximal urethral rents (Figure 63-2). The initial part of the rectal exam involves palpation of the intrapelvic portion of the urethra and urethral sphincter. The latter feels somewhat like the cervix of a mare, only more caudal. Subsequently, the bladder should be palpated to determine size, wall thickness, and presence of cystic calculi, excess sediment, or mural masses. If the bladder is full, palpation should be performed again after bladder catheterization or spontaneous voiding empties the bladder. If palpating for a suspected cystolith, it is important to remember that dysuria and pollakiuria frequently result in a small bladder that may be entirely within the pelvic canal. In
 
 A
 
 Figure 63-1.  Distention of the urethra below the anus in a gelding with an obstructive urethrolith
 
 B
 
 Figure 63-2.  Asymmetry of the perineum in two geldings with proximal urethral rents causing hematuria immediately after urination. A, Note widening of the perineum. B, Note an indentation of the perineum.
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 sediment can become a large mass and be mistaken for a cystolith.2 However, two features that can be used to differentiate these problems: (1) the bladder is usually quite large with sabulous urolithiasis when compared to a small bladder with a cystolith and (2) the sabulous sediment can often be indented with firm digital pressure (the bladder may need to be emptied by catheterization to fully appreciate this difference from a cystolith). Last, the apex or cranial portion of the bladder should be palpated to ensure that it is freely movable within the abdomen. Occasionally, the bladder apex remains adhered to the umbilicus, resulting in a bladder that is more tubular and cannot be freely manipulated. Next, the caudal pole of the left kidney can be palpated for size and texture. The left kidney may be enlarged and/or painful on palpation in horses with acute renal failure (ARF), whereas it may seem smaller, irregularly shaped, and firmer in horses with CRF. It warrants emphasis that these findings are variable and highly subjective. Occasionally, a markedly enlarged kidney, either right or left, may be palpated in cases of polycystic kidney disease or neoplasia. Malposition of one of the kidneys is a rare congenital defect, but I have palpated an apparently normal right kidney immediately above the uterus in a mare. The ureters are generally not palpable unless they are enlarged or obstructed, but the dorsal abdomen (retroperitoneal course of ureters from abaxial to the aorta to the top of the bladder neck) and trigone should be palpated to determine if they can be detected. Dilatation of a ureter (to the size and texture of a garden hose) occurs in some horses with pyelonephritis or ureterolithiasis. In mares, palpation of the distal ureters through the ventral vaginal wall may be more rewarding as they diverge from the bladder neck in a Y-shaped pattern. The distal ureters and ureteral orifices into the bladder can also be palpated in mares at the 2 and 10 o’clock positions between an index or middle finger inserted through the urethra into the bladder and the thumb in the adjacent portion of the vagina. Finally, the reproductive tract in mares and accessory sex glands in stallions should also be palpated to assess whether a reproductive problem could be causing the clinical signs.
 
 Clinical Pathology Hematology and Serum Chemistry Analysis A minimum database for a horse with a suspected urinary tract disorder should include a complete blood count (CBC), serum chemistry profile, and urinalysis. An elevated white blood cell (WBC) count and fibrinogen concentration would support an inflammatory or infectious disease process. An elevated globulin concentration further supports chronicity (weeks to months) of an inflammatory response. Mild anemia (packed cell volume 25% to 30%) following decreased erythropoietin production and a shortened red blood cell (RBC) life span with uremia may also be observed in horses with CRF. On the serum chemistry profile, blood urea nitrogen (BUN) and serum creatinine (Cr) concentrations are the major parameters used to assess renal function, although additional information is provided by electrolyte concentrations. It is important to remember that BUN and Cr are insensitive indicators of decreased renal function because values might not exceed the upper limits of reference ranges until glomerular filtration rate (GFR) is reduced by 75% or more. Although this commonly used percentage is based on studies of subtotal nephrectomy in laboratory animals, it warrants mention that Cr remained
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 normal and body weight was maintained after experimental unilateral nephrectomy in ponies8 and horses.9 Therefore, measurement of BUN and Cr is of limited use in evaluating minor changes in GFR. However, when elevated above the upper limit of the reference ranges, small increases in BUN and Cr are sensitive indicators of further deterioration in GFR, because doubling of BUN or Cr can be interpreted as a further 50% decline in remaining renal function (Figure 63-3). Although the term blood urea nitrogen concentration is widely accepted, it is important to remember that the actual measurement reported is the urea concentration in serum. Reporting of BUN and Cr also varies among countries. In the United States, BUN and Cr are reported in milligrams per deciliter, whereas in other parts of the world they are reported in standard international units of millimoles per liter and micromoles per liter, respectively. Conversion of BUN from milligrams per deciliter, to millimoles per liter and of Cr from milligrams per deciliter, to micromoles per liter is accomplished by multiplying by 0.357 and 88, respectively. Azotemia is the term used to describe increases in BUN and Cr detected on a serum chemistry profile; hence, azotemia is a laboratory diagnosis. Azotemia can be prerenal in origin, resulting from decreases in renal blood flow (RBF) and GFR, or it can be the result of primary (intrinsic) renal disease or obstructive disease or disruption of the urinary tract (postrenal failure).10 The term prerenal failure has been used to describe reversible increases in BUN and Cr associated with renal hypoperfusion. Although this term is firmly entrenched in the human and veterinary medical literature, its use likely contributes to a lack of recognition of subclinical renal damage that accompanies a number of medical and surgical conditions. This can be attributed to a large renal functional reserve capacity. In many patients with reversible azotemia and changes in glomerular and tubule function. Integrity can be demonstrated by proteinuria and cast 20
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 Figure 63-3.  Relationship between glomerular filtration rate (GFR) and serum creatinine (Cr) concentration. When renal function is normal, a large decrease in GFR results in a minor increase in Cr (arrow 1). In contrast, when renal function is decreased, as with chronic kidney disease, a much smaller decrease in GFR results in a similar increase in Cr (arrow 2). (From Brenner BM (ed): Brenner and Rector’s The Kidney. 8th ed. Saunders, Philadelphia, 2008.)
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 TABLE 63-3.  Incidence of Azotemia (and Associated Mortality) in Horses Presented to a Veterinary Teaching Hospital 1997 Examination Data Horses examined Serum chemistry performed at admission* Cr ≥ 2.5 mg/dL Cr ≥ 5 mg/dL (mortality rate) Cr ≥ 10 mg/dL (mortality rate) Primary renal disease
 
 Number 1902 397 82 15 2 3
 
 Percentage 21% 4.3% 0.8% (31%) 0.11% (100%) 0.16%
 
 2000 Number 2289 423 81 19 3 2
 
 Percentage 18% 3.5% 0.8% (44%) 0.13% (33%)† 0.09%
 
 *Assumes that horses that did not have a serum chemistry performed also did not have azotemia. † The two survivors were neonatal foals with spurious hypercreatininemia.
 
 formation, impaired concentrating ability, and an increase in sodium excretion. Despite the reversible nature of these functional alterations, a degree of permanent nephron loss may occur with prerenal failure and likely explains the finding of microscopic evidence of renal damage in as many as one third of normal equine kidneys.11 To increase awareness of subclinical renal damage in patients with decreased RBF and GFR, the term acute kidney injury (AKI) has been introduced in human and, subsequently, small animal medicine. AKI is defined as an increase in Cr of 0.3 mg/dL or a 50% increase from the baseline value, yet Cr may remain within the reference range.12 Hemodynamically induced AKI is often associated with oliguria (urine output of less than 0.5 mL/kg for at least 6 hours) whereas urine production with nephrotoxin-associated AKI often remains normal (nonolguric AKI). In addition to changes in Cr and urine output, a number of novel biomarkers of AKI, notably kidney injury molecule-1 in urine, are being investigated as early indicators of renal damage.13 A similar change in terminology has been adopted in human and small animal medicine for patients with chronic renal disease. Rather than describing patients as suffering from CRF (often an end-stage problem), the term chronic kidney disease (CKD) has been introduced to shift attention to the detection of earlier stages of chronic renal disease.14,15 Although CKD is by nature a progressive disorder, early detection and interventions may slow the rate of progression, thereby prolonging life and, for people, delaying the potential need for renal replacement therapy. To limit potential nephron damage with renal hypoperfusion, prerenal failure is accompanied by a number of compensatory responses to preserve RBF (autoregulatory response of afferent arterioles) and GFR (increase in filtration fraction due to angiotensin II–mediated efferent arteriolar constriction).16 However, intrarenal blood flow is not homogeneous with the cortex receiving a substantially greater part of total RBF than the medulla. As a consequence, the medulla, especially the inner medulla, exists in a relatively hypoxic environment even with normal hydration status and RBF.17 When RBF is reduced, intrarenal production of vasodilative prostaglandins (PGI2 and PGE2) is another important response to maintain or even increase medullary blood flow. However, administration of nonsteroidal anti-inflammatory drugs (NSAIDs) nearly abolishes this renoprotective response and can exacerbate the risk of renal damage with renal ischemia. Not surprisingly, the lesion associated with NSAID nephropathy is renal papillary or medullary crest necrosis.18 Although NSAIDs that preferentially inhibit cyclooxygenase-2 (COX-2) activity (e.g., firocoxib) have
 
 been documented to have less adverse effects on the gastrointestinal tract of horses, evidence from other species suggests that the more COX-2 selective NSAIDs offer essentially no protection against NSAID-induced renal injury.19 In general, horses with reversible azotemia, covering the spectrum from prerenal failure to mild intrinsic renal damage, tend to have more modest elevations in BUN and Cr than horses with intrinsic ARF or postrenal problems.20 However, there can be wide ranges of BUN and Cr values for all three categories of azotemia; consequently, specific values do not identify the type of azotemia. The incidence of significant azotemia (defined as Cr ≥ 2.5 mg/dL) in horses that presented to Michigan State University’s Veterinary Teaching Hospital during 1997 and 2000 was less than 5% (Table 63-3). Further, the incidence of primary renal disease was less than 0.2%, consistent with azotemia most commonly being a problem secondary to other diseases (e.g., colic, enterocolitis, rhabdomyolysis, intoxications, and others). Of interest, horses with moderate azotemia (Cr 5 to 10 mg/dL) had a mortality rate of 30% to 45%, but the magnitude of Cr elevation did not predict survival in this range of azotemia. Because survival more likely depends on resolution of the primary disease process, it should not be surprising that the magnitude of moderate azotemia did not affect prognosis. In contrast, all adult horses with severe azotemia (Cr > 10 mg/dL) did not survive. In this limited population, only severe azotemia appeared to affect prognosis. In addition to severe azotemia, the change in Cr with treatment also has prognostic value with a reasonable goal being that Cr should decrease by 30% or more during the initial 24 hours of appropriate treatment. As an example, in horses that presented with colic or enterocolitis and a Cr > 3 mg/dL to the University of Georgia Veterinary Teaching Hospital, persistence of azotemia over the initial 3 days of treatment was associated with a greater volume of gastric reflux, abnormal rectal exam findings, and hypochloremia, as compared to horses in which azotemia resolved. Consistent with more severe fluid losses, hypovolemia, and renal damage, horses with persistent azotemia were three times more likely to have a poor outcome.21 To further define the type of renal failure in azotemic patients, the BUN : Cr ratio has also been used. In theory, this ratio should be higher for prerenal failure (10 or more using mg/dL units, owing to increased reabsorption of urea with decreased GFR and tubular flow rates) and postrenal failure with uroperitoneum (because of preferential diffusion of urea across the peritoneal membrane) than for azotemia associated with intrinsic renal failure. However, similar to absolute values for BUN
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 and Cr, BUN : Cr ratios measured in azotemic dogs with naturally occurring diseases were distributed over wide, nondiscriminatory ranges for all three types of renal failure.22 In horses with acute medical and surgical problems complicated by dehydration and hypovolemia, clinical experience finds that Cr tends to increase (percentage) by a greater magnitude than BUN, leading to a BUN : Cr ratio less than 10 : 1.23 In contrast, with CRF the BUN : Cr ratio often exceeds 10 : 1.5,24 In addition to differences in excretion and reabsorption of urea and creatinine with decreased RBF and GFR, the preferential increase in Cr with acute disorders may also be related to different chemical properties of urea and creatinine. Urea, a nonpolar molecule, diffuses freely into all body fluids, whereas creatinine, a larger charged molecule, likely requires more time to move out of the extracellular fluid space. The important point is that a sudden decrease in RBF and GFR typically leads to a greater increase in Cr than in BUN, and Cr is the more accurate parameter to follow over time to assess improvement in renal function. As always, exceptions occur and an occasional horse with an acute problem may have a comparatively greater increase in BUN than Cr. In my experience, this is more common in foals and yearlings and may be associated with gastric or upper intestinal bleeding with ulcerative disease. Neonatal foals delivered from mares with placentitis or that experience perinatal asphyxia may have markedly elevated Cr concentrations (occasionally more than 20 mg/ dL) after birth with essentially normal renal function. This clinicopathologic finding, termed spurious hypercreatininemia, resolves rapidly over the initial 1 to 3 days of life, and normal renal function is supported by adequate urine output and normal serum electrolyte concentrations.25 With CKD, both BUN and Cr should be monitored over time, and the BUN : Cr ratio may be useful in assessing dietary protein intake because values 15 : 1 or more suggest excessive protein intake and urea production.5,24 Finally, increases in urea and creatinine have different effects on tissues. Specifically, urea is one of the uremic toxins that accumulates with renal failure, and progressive increases in BUN contribute to tissue dysfunction and morbidity, especially at values exceeding 75 mg/dL. In contrast, creatinine has little harmful effect on tissues and should not be considered a toxic compound. Rather, creatinine is simply a marker of renal function that increases when RBF and GFR decline. The reason that Cr is a useful indicator of renal function is that about 1% of muscle creatine is broken down to creatinine daily and the primary route of elimination is in urine (via glomerular filtration with little tubular reabsorption or secretion). Accordingly, as GFR decreases, urinary creatinine excretion also decreases, leading to a progressive rise in Cr. In addition to screening for azotemia, the chemistry profile yields serum electrolyte, protein (albumin and globulin), and glucose concentrations and muscle enzyme activities. An important difference between prerenal failure and intrinsic renal failure is that electrolyte concentrations should remain normal with prerenal failure, whereas hyponatremia and hypochloremia are characteristic findings in horses with renal disease.10,20,23 Unfortunately, hyponatremia and especially hypochloremia can also be found in horses with colic or enterocolitis; as a result, these electrolyte changes are not specific for AKI. Serum potassium concentration may be low, normal, or increased with AKI, but significant hyperkalemia (more than 6 mEq/L) is more commonly found with oliguric to anuric ARF or with uroperitoneum. Calcium and phosphorus concentrations vary in horses
 
 899
 
 with renal disease. Hypercalcemia and hypophosphatemia are often found in horses with CKD, especially those fed alfalfa hay, whereas hypocalcemia and hyperphosphatemia may be found with AKI. In fact, the combined findings of azotemia and hypercalcemia are essentially pathognomonic for CKD in horses.5,24 Total protein concentration in horses with primary urinary tract disorders is usually normal; however, an occasional horse with a chronic inflammatory lesion (e.g., pyelonephritis, chronic cystitis, neoplasia) has an elevated globulin concentration. With end-stage CRF, intestinal ulceration may lead to hypoproteinemia. Mild hypoalbuminemia may also develop with protein-losing glomerulopathies because albumin tends to pass through the damaged glomerular basement membrane to a greater extent than the higher-molecular-weight globulins. A rare horse with primary glomerular disease may actually develop chronic hypoalbuminemia before onset of azotemia.26 In horses with AKI secondary to other diseases, total protein concentration is altered more by the primary disease process than AKI. Hyperglycemia secondary to stress, exercise, sepsis, pituitary pars intermedia dysfunction, or diabetes mellitus can result in glucosuria. The renal threshold for glucose in horses has not been well investigated but is likely lower (160 to 180 mg/dL) than in small animals or people. Thus, glucosuria must always be interpreted with knowledge of serum glucose concentration. When pigmenturia is a complaint, measurement of creatine kinase (CK) and aspartate aminotransferase (AST) activities is useful to differentiate myoglobinuria from hematuria or hemoglobinuria. Acid-Base Balance Venous blood gas analysis in horses with AKI usually reflects the primary disease process, rather than the secondary renal insult. Thus, horses with colic are often mildly alkalotic because of pain and hyperventilation. With more serious disease and endotoxemia, a variable degree of metabolic and lactic acidosis may be present. With primary renal disease, mild metabolic acidosis may also be detected, but acidosis is usually not severe until marked azotemia (Cr > 10 mg/dL) develops with either oliguric AKI or end-stage CRF. Urinalysis SAMPLE COLLECTION Urine can be collected as a midstream catch during voiding or via urethral catheterization in both sexes. Manual compression of the bladder during rectal palpation may stimulate urination after the rectal examination is completed, especially when a horse is placed in a freshly bedded stall. A fairly practical device to obtain a urine sample from geldings or stallions can be made by cutting off the bottom of a gallon plastic bottle, which is then padded and secured below the sheath (Figure 63-4). The opening of the bottle is covered with a cap that can be unscrewed to collect a urine sample after urine has been voided. In addition, some horses can be trained to void urine on command; often this is most successful following exercise. Passage of a flexible plastic or rubber catheter via the urethra into the bladder can be easily accomplished in both sexes, although it is generally necessary to sedate male horses for the penis to descend. Bladder catheterization is a clean, but not sterile, procedure because bacteria are present in the vestibule
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 Figure 63-4.  A urine collection device for use in male horses and ponies.
 
 of the mare and the distal urethra of male horses. Thus, clean exam gloves can be used rather than sterile surgical gloves for the procedure, but a sterile catheter should be used. The vulva or end of the penis should be cleaned with soap and water and the accumulation of smega in the urethral sinuses dorsal to the urethra (the “bean”) should be removed in male horses. Sterile lubricant is applied to the end of the catheter and it is passed into the urethra. In males, mild resistance to passage may be felt as the catheter is passed over the ischial arch into the intrapelvic portion of the urethra (the catheter should be palpable below the anus). Greater resistance is appreciated as the catheter is passed through the urethral sphincter into the bladder. The end of the catheter outside the horse should be plugged with a 60-mL syringe to prevent air from being aspirated into the bladder, because the weight of urine in a partially full bladder can cause it to fall forward into the abdomen and fill further with air through an open catheter. This is not a major problem when it occurs, but it can make aspiration of a sample more difficult because air may have to be evacuated before urine is recovered. Another potential problem in male horses is that the catheter tip can be advanced into one of the seminal vesicle duct openings on the colliculus seminalis on the dorsal aspect of the urethra immediately caudal to the urethral sphincter. If resistance to catheter passage persists after it has been passed over the ischial arch, this problem can be detected by transrectal palpation of the catheter tip going to either side of the bladder neck. When this occurs, the catheter should be retracted to the intrapelvic portion of the urethra and, with the hand in the rectum, fingers can be placed on either side of the catheter to assist in directing it through the urethral sphincter into the bladder. Mares do not have a urethral diverticulum to complicate catheter passage but it is sometimes challenging to find the urethral sphincter on the pelvic floor at the level of the vestibulovaginal orifice. The most common mistake is to insert the gloved hand too far and enter the vagina, passing over the urethral sphincter. In most mares the urethral sphincter can be found with the hand partly inserted as a cone into the vestibule to the level of the knuckles, followed by moving the index or middle finger back and forth under the urethral papilla in an attempt to insert a finger through the sphincter into the bladder. When a finger has been successfully passed into the bladder, the sterile catheter is inserted under the palm and guided along the
 
 finger that is already in the bladder. As the catheter is passed, the finger is withdrawn from the bladder and a sample of urine is then aspirated. Mares generally do not need to be sedated for this procedure, but some will be stimulated to void during catheterization; consequently, an assistant should be ready with a specimen cup to collect a sample if the mare urinates. When collecting urine, it is always advisable to fill two urine specimen cups: one can be used for urinalysis and the other submitted (or temporarily saved) for bacterial culture, when indicated. In mares, urine can also be collected from each side of the upper urinary tract via ureteral catheterization.27 Indications for this procedure are rare but include a suspected unilateral kidney problem including pyelonephritis or neoplasia. The vulva is prepared in a similar manner but a stiffer, 8 or 10 French polypropylene catheter with a rounded tip and side opening is used. The ureteral orifices can be palpated at the 2 and 10 o’clock positions in the bladder neck. To pass a catheter into the ureter, the index and middle fingers are inserted through the urethra into the bladder with the catheter tip between the fingers (sedation and/or topical anesthesia of the urethral and bladder mucosa may be necessary if the mare reacts to stretching of the urethra). Use of surgical gloves facilitates palpation of the ureteral orifices, and the catheter is advanced with one finger on either side of the ureteral orifice. When the tip has been inserted, it can be helpful to flex the finger tips caudad and grasp the catheter between the fingers and then extend the fingers to guide the catheter 5 to 10 cm farther into the distal ureter. Because urine is normally passed from the ureter into the bladder in “squirts” every 30 to 60 seconds, patience is required because it may take 3 to 5 minutes to collect an adequate volume (5 to 10 mL) of urine from the ureter. After the sample has been collected from one ureter, a new sterile catheter is passed into the bladder to collect urine from the other ureter. In male horses, the only way to collect urine from each ureter is via endoscopic visualization of the ureteral orifices and passage of sterile polypropylene tubing through the biopsy channel of the endoscope into each ureter. When ureteral catheterization is pursued in an attempt to document unilateral pyelonephritis, urine samples collected from both ureters, as well as a sample initially collected from the bladder, should all be submitted for bacterial culture. GROSS APPEARANCE Color, clarity, odor, and viscosity should be evaluated at the time of urine collection. Normal equine urine is pale yellow to deep tan and is often turbid as a result of large amounts of calcium carbonate crystals and mucus.28 It is not uncommon for urine appearance to change during urination or collection with a catheter, especially toward the end of micturition or collection, when more crystals that have gravitated to the bottom of the bladder tend to be passed, causing urine to appear almost milky white. ASSESSMENT OF URINE TONICITY Urine specific gravity is a measure of the number of particles in urine and is a useful estimate of urine tonicity. Although determination of specific gravity with a refractometer is quick and easy (reagent strips should not be used to measure specific gravity in horses),28 it is important to recognize that urine tonicity is most accurately determined by measurement of urine osmolality (Uosm) because larger molecules in urine, such as
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 glucose or proteins, can lead to overestimation of urine tonicity when assessed by specific gravity. Clinically, this is only a problem in patients with diabetes mellitus or heavy proteinuria. Unfortunately, most refractometers have an upper end of the specific gravity scale of 1.035, making it necessary to estimate specific gravity of more-concentrated samples by extrapolation. As an alternative, refractometers with a wider specific gravity scale (1 to 1.06) are available and may be worthwhile to purchase for equine hospitals. Urine specific gravity or Uosm is used to separate urine tonicity into three categories: (1) urine that is more dilute than serum (hyposthenuria or specific gravity < 1.008 and Uosm < 260 mOsm/ kg); (2) urine and serum of similar osmolality (isosthenuria or specific gravity of 1.008 to 1.014 and Uosm of 260 to 300 mOsm/ kg); and (3) urine that is more concentrated than serum (specific gravity > 1.014 and Uosm > 300 mOsm/kg).29 Urine of most normal horses consuming dry forage is usually concentrated (two to four times the tonicity of serum) with specific gravity of 1.025 to 1.04 and a Uosm of 600 to 1200 mOsm/kg), whereas horses at pasture may have more dilute urine because of the high water content of grass. When deprived of water for 24 to 72 hours, horses with normal renal function produce urine with a specific gravity > 1.045 and an Uosm > 1500 mOsm/kg.30 In contrast, neonatal foals typically have hyposthenuric urine because their diet consists largely of milk.31 Because the volume of fluid intake as milk by foals up to 60 days of age is nearly fivefold the fluid intake of an adult horse (on an mL/kg basis), healthy foals are polyuric and their urine appears clear with little yellow color. Another consequence of this high fluid intake and associated diuresis is that BUN and Cr values in foals may be near or below the lower limit of the adult reference ranges. Further, although this fluid intake decreases a foal’s ability to generate an osmotic gradient in the medullary interstitium, foals can still produce urine with a specific gravity > 1.03 when dehydrated. Urine tonicity can be used to differentiate prerenal failure from intrinsic renal failure. With prerenal failure, maintenance of urinary concentrating ability is demonstrated by a specific gravity > 1.02 and a Uosm > 500 mOsm/kg, and values are often much higher. In contrast, with intrinsic renal failure urinary concentrating ability is lost: specific gravity and Uosm are typically 2. Because proteinuria can also accompany bacteriuria, pyuria, and hematuria or may be found transiently following exercise, an abnormal UP : UCr result must be interpreted in light of these potential confounding factors. Neonatal foals that have acquired good passive transfer of maternal colostral antibodies normally have moderate proteinuria from 24 to 72 hours of life because of excretion of small-molecular-weight proteins in urine. Normal equine urine should not contain glucose. Although the renal threshold for glucose has not been thoroughly evaluated in horses, early work indicated that it may be lower (160 to 180 mg/dL) than that of small animals and humans.38 Thus, glucosuria can accompany hyperglycemia associated with the causes described earlier or with administration of dextrosecontaining fluids or parenteral nutrition products. In addition, glucosuria may accompany sedation with α2-agonists or exogenous corticosteroid administration.39 When glucosuria is detected in the absence of hyperglycemia, primary proximal tubule dysfunction should be suspected. Glucosuria has more often been detected in horses with AKI than in those with CKD. Unlike in ruminants, ketones are rarely detected in equine urine, even in advanced catabolic states or with diabetes mellitus. A positive result for blood on a urine reagent strip can reflect the presence of hemoglobin, myoglobin, or intact RBCs in the urine sample. Evaluation of serum for hemolysis or elevated CK and AST activities and of urine sediment for RBCs can be rewarding in differentiating between these pigments. Bilirubinuria is occasionally detected on reagent strip analysis of equine urine. Bilirubinuria is associated with intravascular hemolysis, hepatic necrosis, and obstructive hepatopathies. Hepatic disease is further supported by elevated serum bilirubin concentration and increased hepatic enzyme activities. SEDIMENT EXAMINATION Sediment examination is an underused diagnostic technique for evaluating urinary tract disorders in horses.28 Unfortunately, a major limitation is that sediment should be examined within 30 to 60 minutes after collection. To perform sediment examination, 10 mL of fresh urine should be centrifuged (usually in a conical plastic tube) at 1000 rpm for 3 to 5 minutes. The supernatant urine is discarded, and the pellet is resuspended in the few drops of urine remaining in the tube. A drop of sediment is transferred to a glass slide, and a coverslip is applied.
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 The sediment is first examined at low power to evaluate for casts, and subsequently high-power examination is used to quantify erythrocytes, leukocytes, and epithelial cells and to determine whether or not bacteria are present. Casts are molds of Tamm-Horsfall glycoprotein and cells that form in tubule lumens and subsequently pass into the bladder. They are rare in normal equine urine but are found with acute tubular injury. Casts are relatively unstable in alkaline urine; accordingly, to ensure accurate assessment, urine sediment should be evaluated as soon as possible after collection. Fewer than five RBCs should be seen per high-power field (hpf) in an atraumatically collected urine sample. Pyuria (more than 5 WBCs per hpf) is most often associated with infectious or inflammatory disorders, and normal equine urine should have few bacteria. The absence of bacteria on sediment examination does not rule out their presence, however, and quantitative bacterial culture of urine collected by catheterization should be performed when urinary tract infection is suspected. Equine urine is rich in crystals. The majority of these are calcium carbonate crystals of variable size, but calcium phosphate crystals and occasional calcium oxalate crystals can also be seen in normal equine urine.40 Addition of a few drops of a 10% acetic acid solution may be necessary to dissolve crystals for more-complete assessment of urine sediment. URINE ELECTROLYTE CONCENTRATIONS AND CLEARANCES Urinary electrolyte excretion, reflecting tubular function, can be assessed by measuring urine electrolyte concentrations or can be expressed quantitatively as excretion rates (mEq/min). Horses on an all-forage diet without electrolyte supplementation consume minimal sodium and chloride but large amounts of potassium. As a consequence, their kidneys evolved to conserve more than 99% of filtered sodium and chloride ions. In contrast, potassium ions are not well conserved except during periods of whole-body potassium depletion (i.e., when they are off feed). Normal equine urine typically contains less than 20 mEq/L of sodium, less than 50 mEq/L of chloride, and 200 to 400 mEq/L of potassium, depending on urine tonicity.41 Determination of electrolyte excretion rates requires volumetric collection of urine over time, an impractical measurement in most clinical settings. An alternative is to measure fractional electrolyte clearances, comparing the clearance of a specific electrolyte to that of creatinine.29 A substance that is filtered across the glomerulus but neither reabsorbed nor secreted by renal tubules has a clearance rate similar to that of
 
 creatinine and a fractional clearance of 1 (or 100%). In contrast, a substance that is largely reabsorbed by renal tubules after filtration (sodium or chloride) has a lower clearance value than that of creatinine and a fractional clearance less than 1. The fractional clearance of a substance (ClA) is calculated by dividing ClA by creatinine clearance (ClCr): Cl A /ClCr =
 
 {(urine [A]/plasma [A]) × urine flow} {urine [Cr]/plasma [Cr]) × urine flow}
 
 which, by rearrangement (cancelling out the urine flow factor) and expressing as a percentage becomes: Cl A /ClCr = {(plasma [Cr]/urine [Cr]) × (urine [A]/plasma [A])} × 100% % Although fractional clearance is the appropriate term for this calculation, the term fractional excretion is also commonly used. Because urine flow is cancelled out in the equation, only a spot urine sample (not a timed urine collection) needs to be collected. To determine fractional electrolyte clearances, electrolyte and Cr concentrations must be measured in blood and urine samples collected within a few hours of each other. Again, because kidneys conserve more than 99% of filtered sodium and chloride ions, normal fractional clearance values are less than 0.8% for these electrolytes. In contrast, fractional clearance values for potassium are considerably higher (15% to 65%) depending on feed intake.29 Increases in urine concentration and fractional clearance values of sodium and chloride can be early indicators of renal tubule damage with AKI.32,42 However, results of these tests must be interpreted in light of diet and treatment because adding salt to the diet or administering polyionic enteral or intravenous (IV) fluids can also increase these values.33 With CKD, measurement of urine electrolyte concentrations and fractional clearances are of limited diagnostic value because compensatory tubular function with CKD is often accompanied by nearly normal electrolyte excretion. URINARY DIAGNOSTIC INDICES In addition to urinary tonicity, diagnostic indices that may also be useful for differentiating prerenal failure from intrinsic renal failure in horses include urine : serum ratios of osmolality, urea nitrogen, and Cr and fractional sodium clearance (Table 63-4). For example, urine : serum Cr ratios in excess of 50 : 1 (reflecting concentrated urine) and fractional sodium clearance values below 0.8% (indicating normal tubular sodium reabsorption) would be expected in horses with prerenal failure, whereas ratios less than 37 : 1 and clearance values greater than 0.8%
 
 TABLE 63-4.  Diagnostic Indices that May Be Useful for Differentiating Prerenal Failure from Intrinsic Renal Failure in Horses Diagnostic Index Urine osmolality (mOsm/kg) Urine osmolality : serum osmolality Urine urea nitrogen : serum urea nitrogen Urine creatinine : serum creatinine Urine sodium concentration (mEq/L) Fractional sodium clearance (%)
 
 Normal Horses
 
 Prerenal Failure
 
 727-1456 2.5-5.2 34-101 2-344 variable* 0.01-0.7
 
 458-961 1.7-3.4 15-44 52-242 20 0.80-10.1
 
 *Urine sodium concentration will vary with the amount of concentrate or supplemental salt added to the diet but is generally less than 20 mEq/L in horses on an allforage diet. Modified from Grossman BS, Brobst DF, Kramer JW, et al: Urinary indices for differentiation of prerenal azotemia and renal azotemia in horses. J Am Vet Med Assoc 180:284, 1982, and Seanor JW, Byars TD, Boutcher JK: Renal disease associated with colic in horses. Mod Vet Pract 65:A26, 1984.
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 were reported in a group of horses determined to have primary renal disease.32 Although these diagnostic indices can be helpful, the data in Table 63-4 illustrate that renal hypoperfusion is accompanied by a progressive loss of concentrating ability, because ranges for these ratios tend to be lower for horses with prerenal failure than for clinically normal horses. As a consequence, these data also support the concept that progression from prerenal failure to intrinsic renal failure is along a continuum, associated with decompensation of the intrarenal responses to hypoperfusion.16 In patients at risk for developing AKI, including horses with serious gastrointestinal disorders and those receiving nephrotoxic medications, additional diagnostic indices such as serial assessment of specific gravity or Uosm, reagent strip analysis, sediment examination, urine sodium concentration, and fractional sodium clearance may be useful in identifying significant changes in renal function before the onset of azotemia. Unfortunately, monitoring these parameters is frequently complicated by use of IV fluid support, because a goal of IV fluids is to increase production of less-concentrated urine. Further, IV replacement solutions have a sodium concentration near that of serum (135 to 140 mEq/L) and administration of large volumes (more than 20 L) of IV fluids is associated with a large sodium load that must be eliminated in urine, resulting in urine sodium concentrations that may exceed 50 mEq/L and FClNa values greater than 1%. In contrast, IV fluid therapy has less effect on reagent strip analysis and changes in urine sediment. Thus, a practical screening test for documenting tubular damage is repeated reagent strip analysis for pigmenturia (likely hematuria) and glucosuria. With CKD, the ability to produce either concentrated or dilute urine is lost: affected horses manifest isosthenuria. Administration of IV fluids in an attempt to “diurese” horses with CKD results in a variable increase in urine output, yet specific gravity and Uosm remain in the isosthenuric range. The less residual renal function present, the more likely and rapidly IV fluid administration will produce an increase in central venous pressure and, ultimately, edema. Peritoneal Fluid Analysis Postrenal azotemia resulting from obstruction or disruption of the urinary tract is usually suspected on the basis of clinical signs, including dysuria and/or renal colic. With bladder rupture, however, some affected foals and adult horses continue to void urine, although progressive abdominal distention usually accompanies development of uroperitoneum. Although the diagnosis is now commonly made via transabdominal ultrasonography, uroperitoneum is best confirmed by measuring a twofold or greater value for peritoneal Cr in comparison to serum Cr.29
 
 Imaging Techniques Numerous imaging techniques are available to examine the urinary tract of the horse. The pros and cons of the various modalities have been well reviewed,43 and the most rewarding and cost-effective techniques include ultrasonography and endoscopy of the urinary tract. In certain cases, nuclear scintigraphy is a valuable tool because it can provide information on individual kidney function. Textbooks are available with numerous images that provide in-depth review of each of these modalities for investigation of the equine urinary tract,44-46 so they are
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 only discussed in brief in this chapter. Computed tomography (CT) and magnetic resonance imaging (MRI) are also emerging as useful imaging tools in patients that are small enough (generally less than 200 kg) to fit within the imaging device. Radiography Radiography is of limited use to evaluate the urinary tract disease of adult horses because diagnostic radiographs can only be obtained in small foals or Miniature Horses. In smaller patients, intravenous excretory urography can be used to document a nonfunctional kidney or the course of ectopic ureters.47 However, the procedure may require general anesthesia, and renal elimination of contrast is sometimes difficult to see, leading to inconclusive results.48 Another approach involves injecting the contrast agent directly into the renal pelvis using a spinal needle under ultrasonographic guidance (pyelography).49,50 The contrast agent is generally easier to visualize with this approach, and systemic adverse effects of contrast administration are largely eliminated. Retrograde contrast radiographic studies have also been used in foals with suspected ruptured bladder, ectopic ureter, or urorectal fistula. Radiographic contrast studies can also help to identify strictures or masses in the urethra or bladder, but endoscopy is generally more useful for these problems. Ultrasonography Ultrasonographic examination of the urinary tract can be performed transabdominally (kidneys) or transrectally (lower urinary tract).45,51-55 The right kidney is triangular or horseshoeshaped and is best imaged transabdominally via the dorsolateral extent of the last two or three intercostal spaces. The left kidney is a bean- to U-shaped organ that lies deep to the spleen. It can be imaged via the last two intercostal spaces or via the paralumbar fossa. Because the left kidney is deeper than the right kidney, it can be difficult to image completely and is best examined with a 2.5- or 3-mHz curvilinear transducer. Occasionally, one or both kidneys cannot be imaged because of gas-filled bowel between the kidney and abdominal wall. Reexamination at a later time is generally required for successful imaging in such cases. The size and shape of the kidneys, intrarenal architecture, and echogenicity of the parenchyma should be assessed systematically. This includes imaging the kidneys in dorsal, sagittal, transverse, and transverseoblique anatomic planes.53 With AKI, the kidneys may be normal or enlarged (Figure 63-5, A), and abnormalities of parenchymal detail are often not detected. When present, abnormal findings may include perirenal (subcapsular) edema, widening, and subtly increased echogenicity of the renal cortex (see Figure 63-5, B). With CKD, especially end-stage renal disease, the kidneys are usually small, have increased echogenicity (the normal left kidney is similar to the spleen), and may have nephroliths or cystic cavities (Figures 63-6 and 63-7). Calculi are often in the area of the renal pelvis and can be differentiated from the normally echogenic renal pelvis because they generally cast an acoustic shadow. In an occasional patient in which the clinical picture is most consistent with AKI, ultrasonography may reveal nephroliths and increased echogenicity in one or both kidneys. These findings support previously unrecognized CKD, with recent exacerbation (so-called “acute on chronic” renal injury), and carry a more guarded
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 Figure 63-5.  Transabdominal ultrasonographic images of the left kidney (deep to spleen) of two horses with acute kidney injury resulting in acute renal failure. A, Enlarged left kidney (23.3 cm in length). B, Renal cortex is more echogenic than normal.
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 Figure 63-6.  Transabdominal ultrasonographic images of the left kidney of two horses with chronic kidney disease. A, Left kidney of a yearling with chronic interstitial nephritis that developed 11 months following treatment with an aminoglycoside antibiotic and flunixin meglumine for a leg wound. Note the generalized increase in echogenicity of the renal parenchyma in comparison to the spleen. B, Left kidney of the same yearling with the probe directed in a different plane, revealing a large nephrolith adjacent to the renal pelvis. C, Left kidney of a stallion with an obstructive ureterolith causing hydronephrosis; note the small nephrolith in the center of the image producing an acoustic shadow. D, Left kidney of the same stallion imaged in a plane rotated 90o revealing hydronephrosis consequent to obstructive disease. E, Left kidney of the same stallion following relief of ureteral obstruction by electrohydraulic lithotripsy. Note that the kidney is small and the renal parenchyma has a diffuse increase in echogenicity because of renal fibrosis. (From Schott HC: Chronic renal failure in horses. Vet Clin North Am Equine Pract 23:593, 2007.)
 
 prognosis than AKI with normal-appearing kidneys on ultrasonographic imaging. Imaging of the bladder, urethra, and ureters is best performed transrectally using a 5- to 7.5-mHz linear array transducer commonly used for evaluating the reproductive tract or a 6- to 10-mHz microconvex linear-array transducer. When imaging the bladder, it is important to remember that equine urine, rich in crystals and mucus, is an inhomogeneous, echogenic fluid that can be made to swirl with manipulation of the bladder.
 
 Presence of a cystic calculus can typically be confirmed, because calculi have a highly echogenic surface and produce an acoustic shadow; however, ultrasonographic imaging is rarely indicated if the cystolith is suspected on rectal palpation. In contrast, ultrasonography can be a useful tool to evaluate size and echogenicity (homogeneous or heterogeneous) of soft tissue bladder masses. Normal values for bladder wall thickness, distal ureteral, and urethral diameter have been described for normal horses of both sexes.55 Transrectal ultrasonography can be used
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 Figure 63-7.  Ultrasonographic images of the left (A) and right (C) kidneys and cross-sectional gross pathology of the left (B) and right (D) kidneys of a 19-year-old Arabian mare with chronic renal failure consequent to polycystic kidney disease. (From Schott HC: Chronic renal failure in horses. Vet Clin North Am Equine Pract 23:593, 2007.)
 
 to image urine passage from the ureters into the bladder and may reveal disruption or distention of a ureter.56,57 Endoscopy Endoscopic examination of the urinary tract is an extremely useful diagnostic aid when the complaint is abnormal urination.44,58,59 A flexible endoscope with an outer diameter of 12 mm or less and a minimum length of 1 m is adequate for examinating the urethra and bladder of an adult horse of either sex. As for bladder catheterization, lower urinary tract endoscopy is a clean but not completely sterile procedure; never theless, the endoscope should be sterilized before use. Tranquilization of the patient is recommended, the rectum should be emptied of feces, and the distal end of the penis or the vulva should be cleansed thoroughly. The bladder should be emptied by catheterization prior to passing the endoscope, and a sample of urine should be retained, if needed. The endoscope is then passed in the same manner as the catheter, using the air control intermittently to inflate the urethra or bladder. Normal distal urethral mucosa in males is pale pink with longitudinal folds. When dilated with air, the mucosa flattens and a prominent submucosal vascular pattern becomes more
 
 apparent as the endoscope is advanced up the urethra to the ischial arch. Passage of a bladder catheter before endoscopy can produce mild irritation of the urethral mucosa that may be seen as a reddish line along the urethra (it should not be mistaken as an abnormality). As the endoscope passes over the ischial arch, the urethra begins to widen into the ampullar (pelvic) portion, and paired rows of bulbourethral gland duct openings are seen along the dorsal aspect. In horses with a complaint of hematuria at the end of urination, consistent with a urethral rent, the caudal aspect of the urethra should be closely examined at the level of the ischial arch for fistulous tracts communicating with the corpus spongiosum penis.3,4 Advancing the endoscope a few more centimeters and distending the pelvic urethra with air allows visualization of the colliculus seminalis protruding from the dorsal aspect of the urethra just before the urethral sphincter. The joint openings of the ductus deferens and seminal vesicle ducts on the colliculus seminalis should be examined closely, because this can be a site of postejaculation hemorrhage in stallions. Subsequent passage of the endoscope through the urethral sphincter and air distention allows evaluation of the bladder for calculi, inflammation, and masses. Viewing the ureteral openings in the dorsal aspect of the trigone can help determine if the source of hematuria or pyuria is
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 originating from one or both sides of the upper urinary tract. A small volume of urine should pass from each ureteral opening approximately once every 30 to 60 seconds (more frequent with sedation with an α2-agonist). Ureteral catheterization to obtain urine samples from each kidney can be performed by passing sterile polyethylene tubing via the biopsy channel of the endoscope. Additionally, biopsy of masses in the bladder or urethra can be performed. Smaller-diameter endoscopic equipment (less than 6 mm outer diameter) has allowed examination of the distal ureter, using a guide wire passed through the biopsy channel as a stylet to enter the ureter. In addition to allowing examination of the ureter, endoscopes of sufficient length (100 cm or longer) have also allowed advancement to visualize the renal pelvis in mares or via a perineal urethrotomy in male horses (Figure 63-8). In
 
 A
 
 an occasional horse with upper tract disease or chronic sabulous urolithiasis, one or both ureteral orifices are damaged to the point that the normal valvelike openings have become permanently open, allowing a larger-diameter endoscope to be advanced up the ureter to allow visualization of nephroliths in the renal pelvis (Figure 63-9). Nuclear Scintigraphy Nuclear scintigraphy is an additional modality that can be used to obtain information about renal anatomy and function.46 In fact, scintigraphy is routinely used for quantitative assessment of GFR in small animals.60 Several radiopharmaceuticals can be labeled with 99-metastable technetium (99mTc), depending on the type of scintigraphic examination being pursued. Further,
 
 B
 
 Figure 63-8.  Endoscopic images of a normal ureter with a guide wire in place (A) and of a normal renal pelvis of a horse (B).
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 Figure 63-9.  Endoscopic images of an abnormal ureteral opening (A) and a nephrolith in the renal pelvis (B) of a stallion with chronic kidney disease.
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 labeled radiopharmaceuticals can be used either to generate images or to measure plasma disappearance of radioactivity, to estimate RBF and GFR. In horses, an early study compared measurement of GFR by classic inulin clearance to scintigraphy (using 99mTc tagged to diethylenetriaminopentaacetic acid [DTPA], similar to inulin in that it is neither secreted nor reabsorbed after filtration). Both plasma disappearance of 99mTcDTPA in blood samples collected over time and sequential digital gamma camera images of the kidneys to determine fractional accumulation of the total dose administered were assessed as measures of GFR.61 Greater variability was found with the gamma camera images, in comparison to GFR values measured by plasma disappearance of inulin or 99mTc-DTPA, possibly because of the different depths of the two equine kidneys. Renal scintigraphy with gamma camera imaging has also been performed with 99mTc tagged to glucoheptanate (GH, taken up by the proximal tubule epithelial cells to provide further anatomic detail), and mercaptoacetyltriglycine (MAG3, nearly completely eliminated during first pass through the kidneys by filtration and tubular secretion) to successfully evaluate renal function in horses with upper urinary tract problems.48,56,62 With appropriate case selection, renal scintigraphy can provide qualitative information about renal function and is the only method currently available for assessing split renal function (assessing individual kidney function via gamma camera imaging) in horses (Figure 63-10).
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 contrast agents, provide the surgeon with excellent anatomical detail of the urinary tract problem (Figure 63-11).63,64
 
 SURGERY J. Brett Woodie
 
 Instruments The instrumentation that is required varies depending on the procedure that is being performed. Therefore it is beneficial to
 
 LT
 
 RT
 
 Computed Tomography and Magnetic Resonance Imaging Computed tomography (CT) and magnetic resonance imaging (MRI) provide the most detailed images of the urinary tract of all the available imaging modalities. Unfortunately, both imaging modalities are limited by the patient’s size (generally less than 200 kg), the need for general anesthesia, and expense. Nevertheless, the modalities have been used in foals and Miniature Horses and, when coupled with use of appropriate
 
 Figure 63-10.  Nuclear scintigraphic dorsal image (cranial at top and caudal at bottom) of the kidneys of a horse with chronic hematuria arising from the left kidney. The study revealed considerably less radiopharmaceutical uptake and elimination by the left kidney and provided support that nephrectomy of the left kidney would not result in a substantial loss of remaining renal function.
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 Figure 63-11.  Contrast-enhanced computed tomographic images of the kidneys (excretory urography) of a normal Miniature Horse. A, The transverse plane image shows nearly homogeneous uptake of the contrast agent in both kidneys. B, The reconstructed dorsal plane image provides even greater detail of the intrarenal distribution of the contrast agent within the right kidney (left side of image).
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 have a broad range of long-handled instruments as well as standard-sized instruments. Grasping forceps with delicate teeth and needle holders with fine jaws are necessary to handle the fragile tissues and small-diameter suture needles needed for surgery of the urinary tract.65 Broad-bladed self-retaining retractors, such as Finnechetto or Balfour retractors, are often essential for effective surgical access to the urinary tract, especially in the adult horse. For electrosurgery, the use of fine-needle electrodes and scalpels is appropriate. Anastomotic procedures and intraoperative stenting of the urethra or ureters can be facilitated by using sterile flexible rubber urethral catheters or silicone or polyethylene cannulas. It has been reported that stents can promote stricture formation in anastomosed ureters. Therefore, if stents are used they should be removed as soon as possible, preferably within 5 to 7 days after surgery.66,67 Magnifying loupes or an operating microscope and adequate lighting are useful for repairing ureteral defects. Suction with an assortment of suction tips will be required.
 
 Suture Material The choice of suture material depends on a variety of factors, such as the strength of the tissue, the rate at which the tissue regains strength, the rate at which the suture material loses strength, and the interaction between the tissue and the suture material. Suture materials in a variety of sizes and strengths are required when performing urinary tract surgery. Tissues such as the neonatal bladder are often friable, whereas a bladder that contains a cystic calculus may be thickened. The bladder is considered one of the weakest tissues in the body.68 Despite this fact, the urinary bladder and ureters have a high regenerative capacity and heal readily.66,69 These tissues regain nearly 100% of their normal strength within 14 to 21 days.69 For these reasons, absorbable suture material is an appropriate choice, and the use of nonabsorbable suture material is not indicated.70 In fact, nonabsorbable sutures are contraindicated for closure of any structure of the urinary tract. The use of nonabsorbable suture material can serve as a nidus for formation of urinary concretions.65 As a technical point of urinary tract surgery, no suture material of any type should be placed in such a fashion that it penetrates the urinary epithelium and is exposed to urine.67,68 Hydrolysis is the mechanism by which synthetic absorbable sutures are absorbed. Hydrolysis may be accelerated if the suture is exposed to alkaline urine, which is commonly found in herbivores or carnivores with urinary tract infections.71 Absorbable staples provide an alternative method of closure of hollow organs, such as the bladder. To reduce the formation of adhesions, bladders closed with absorbable staples must be oversewn with a continuous-inverting suture pattern.72 The use of nonabsorbable staples in the bladder is not recommended based on the formation of a urolith in one case report.73 A comparative study of bursting strength of rat bladders sutured with 6-0 surgical gut and 7-0 chromic gut suggested that infusion pressures of up to 550 mm Hg are required to induce failure.74 Voiding pressures of most mammals are considerably lower.75 The voiding pressures of adult ponies and mares have been determined to be approximately 90 mm Hg.76 The use of 3-0, 2-0 or 1-0 suture material is adequate to maintain primary closure of incisions in the pressurized portions of the equine distal urinary tract.
 
 Laparoscopy Laparoscopy offers a minimally invasive method for surgical procedures of the equine urogenital system. Its use has expanded over recent years. Because of the size of the horse and the anatomic location of the urinary tract, traditional surgical approaches may not provide adequate access to complete the surgical procedure. However, a laparoscopic approach may offset these hurdles. Laparoscopy can be performed as a standing procedure or under general anesthesia. The standard laparoscopic equipment and instrumentation (described in Chapter 13) can be used for several surgical procedures of the urinary tract. The list of procedures includes exploratory laparotomy, cystic calculi removal, nephrectomy, renal biopsy, umbilical remnant resection, and urinary bladder repair. Another option is to use hand-assisted laparoscopic techniques. This combines the benefits of laparoscopy with that of an open surgical approach. The hand-assisted techniques offer the advantage of being able to perform manual dissection and retraction. The ability to control hemorrhage is increased as well.
 
 Pharmacologic Considerations The route of elimation of water-soluble drugs and drug metabolites is through renal clearance. Therefore, the kidneys are exposed to high levels of drugs and drug metabolites. The renal effects of all drugs administered to surgical patients must be considered.77
 
 ANESTHESIA J. Brett Woodie Anesthetic management of a patient with an impairment of the renal system should be focused on minimizing the time under anesthesia and minimizing hypotension. Renal ischemia can occur during general anesthesia because of systemic hypotension or renal vasoconstriction. It is also important to realize that all anesthetics are likely to decrease GFR. Most decrease GFR by decreasing RBF. Anesthetic agents may indirectly alter renal function through changes in cardiovascular and/or neuroendocrine activity. All fluorinated gas anesthetics are nephrotoxic to some degree.65 Sevoflurane has cardiopulmonary effects similar to those of isoflurane, and it has the theoretical possibility of creating both hepatic and renal toxicity through the formation of compound A via the interaction between metabolites and CO2 absorbents.78,79 Despite the potential for the formation of toxic metabolites, sevoflurane has been used on more than 120 million human patients without one report of induced renal toxicity.79 However, the effect of compound A formation in the anesthetic breathing circuit of the horse is not known and it would be safest to avoid the use of sevoflurane in patients with kidney disease. Halothane undergoes more hepatic metabolism than other inhalants, but formation of toxic waste products appears to be minimal.80 Halothane has been a widely used anesthetic agent for horses.81 Its reduced degree of metabolism renders it relatively less toxic for use in renally impaired horses. Alternatively, isoflurane is useful in critically ill horses and has few renal effects, which are limited to an increase in urine flow and an increase in serum glucose.82,83 The kidney is sensitive to hypoperfusion resulting from hypotension. Systemic hypotension while under anesthesia is most likely caused by peripheral vasodilation. Inhalant
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 anesthetics depress myocardial contractility and cardiac output. Several commonly used anesthetic agents also produce some degree of peripheral vasodilation, which may result in reflex renal vasoconstriction and associated renal hypoperfusion.84 Renal damage may be avoided by maintaining RBF and minimizing the duration and magnitude of hypotension associated with general anesthesia. Intraoperative administration of balanced fluids enhances perfusion of the kidneys by improving cardiac output. Selective vasopressors, such as dobutamine or dopamine, increase cardiac output and enhance renal perfusion.85,86 The use of an α-blocker as a premedication reduces the degree of catecholamine-induced vasoconstriction and improves renal perfusion in some anesthetized patients.87 Xylazine and detomidine are sedative hypnotic agents commonly administered to horses to facilitate examination. Both of these drugs have a dose-dependent diuretic effect.88 Horses with uncomplicated obstructive disease of the lower urinary tract that are at risk for acute cystorrhexis could be further compromised by the use of sedatives or tranquilizers with diuretic properties.
 
 ANTIMICROBIAL AGENTS Harold C. Schott II Short-term use of perioperative antimicrobial agents is generally indicated for horses undergoing surgery of the urinary tract, and a longer course of treatment is necessary for treatment of urinary tract infection (UTI). The duration of perioperative antimi crobial use may be limited to a single presurgical dose and generally should be discontinued after 24 hours, unless the invasiveness of the surgery warrants a longer treatment course.89 As a general rule, broad-spectrum coverage against aerobic gram-positive and gram-negative organisms should be provided. Further, potential adverse effects of antibiotics should be considered to determine whether it may be better to avoid use of certain drugs. For example, aminoglycoside antibiotics are best avoided in patients with AKI and CKD, and other drugs may increase the risk of developing enterocolitis in horses that are placed under general anesthesia for urinary tract surgery. Of interest, anecdotes about enterocolitis following general anesthesia and surgery suggest that use of specific perioperative antimicrobial agents may carry differing risks in varying geographical regions; thus, both regional and recent experience should also be used to guide selection of the appropriate perioperative antimicrobial agents. Selection of an antimicrobial agent for treatment of UTI should be based on culture and susceptibility results of urine or septic tissue débrided at surgery. In addition, practical considerations (e.g., oral versus parenteral medications, frequency of administration, and potential adverse effects) must also be considered when choosing the most appropriate drug to use. It warrants mention that resistance to a particular antimicrobial agent in vitro may not preclude successful treatment with the drug in vivo as long as high concentrations are achieved in urine. Laboratory reports provide minimum inhibitory concentration (MIC) data for serum, not urine. To determine whether a particular bacterial isolate in urine may be susceptible to urine concentrations of a drug, the actual MIC for some (but not all) organisms can be determined by the laboratory when specifically requested. Similarly, demonstrable susceptibility in vitro does not always guarantee a successful response to treatment. For example, Enterococcus spp. are often found to be susceptible
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 to the potentiated sulfonamide combinations in vitro; however, this pathogen is inherently resistant to these combinations in vivo.90 Recommendations for duration of antimicrobial treatment of UTI in people include 3 days for uncomplicated cystitis (rare in horses) and 1 to 2 weeks for the treatment of upper UTI.91 Ideally, a voided midstream urine sample should be submitted for bacterial culture 1 to 2 weeks after treatment of an upper UTI has been discontinued. If the UTI recurs and the same organism is isolated, search for a nidus for persistence of UTI should be pursued (e.g., a urolith or renal abscess) by ultrasonographic examination of the kidneys. Cystoscopy and ureteral catheterization can also be pursued to evaluate whether an upper UTI is unilateral or bilateral. In contrast, isolation of a different pathogen from a recurrent UTI suggests that there may be an anatomical or functional cause of abnormal urine flow predisposing the animal to recurrent infections (e.g., bladder paresis and sabulous urolithiasis). Further, it is not unusual to find highly resistant organisms in the urine of horses with chronic UTIs, especially in those that have bladder paralysis and have been repeatedly catheterized and treated with a variety of antimicrobial agents. In such cases, the antimicrobial agent should be selected based on culture and susceptibility reports of serial quantitative urine cultures. With some problems (bladder paresis and sabulous urolithiasis or pyelonephritis with nephrolithiasis), elimination of UTI is essentially impossible by treatment with antibiotics alone. In these cases, surgical removal of the nidus of infection (i.e., nephrectomy for chronic unilateral pyelonephritis, as long as the contralateral kidney appears normal and azotemia is not present) is the treatment of choice. However, not all persistent infections are amenable to surgical correction (bladder paresis), and long-term (potentially lifelong) antimicrobial treatment may be used with the goal of keeping bacterial numbers “in check” rather than having the goal of eliminating the UTI. For example, I commonly place horses with incontinence, bladder paresis, and persistent UTI on an indefinite course of once-daily treatment with a potentiated sulfonamide because that is the only practical long-term treatment for this type of problem.2
 
 Specific Antimicrobial Agents Penicillins A single intramuscular (IM) dose (22,000 IU/kg) of procaine penicillin G results in urine concentrations exceeding 60 mg/ mL for 48 hours, well above the MIC of many organisms. Thus, frequency of administration of this drug could be decreased to once daily or every other day. Although many of the Enterobacteriaceae demonstrate resistance to ampicillin in vitro, this drug is concentrated in urine and is often effective against these isolates in vivo. The potentiated penicillins (ticarcillin or ticarcillin– clavulanic acid) should be reserved for treatment of horses with UTIs caused by highly resistant organisms (e.g., Pseudomonas spp.) and are sometimes selected as an alternative to aminoglycosides in azotemic patients.92 Aminoglycosides The aminoglycosides can be nephrotoxic and should be reserved for the treatment of lower UTIs caused by highly resistant organisms or acute, life-threatening upper UTIs caused by aerobic gram-negative bacteria. It is important to remember that aminoglycoside nephrotoxicity is a cumulative renal insult;
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 consequently, administration of one or two doses of these drugs is unlikely to precipitate further AKI, even in azotemic patients. However, if azotemia is detected during initial patient work-up, an alternative class of antimicrobials should be selected. Pharmacokinetic and pharmacodynamic studies in adult horses and foals support once-daily administration of both gentamicin (6.6 mg/kg IV) and amikacin (21 mg/kg IV) as the preferred dosage schedule because it improves the bactericidal action (concentration-dependent killing) and lessens the risk of nephrotoxicity.93,94 Further, there is some evidence that foals may be more susceptible to gentamicin nephrotoxicity than adult horses, providing another reason to consider alternative antimicrobial agents for younger patients.95 Potentiated Sulfonamides Combinations containing the sulfonamide sulfadiazine are preferred for the treatment of UTIs because sulfadiazine is excreted largely unchanged in urine, whereas sulfamethoxazole is largely metabolized to inactive products in the liver prior to urinary excretion.95 As mentioned earlier, trimethoprim-sulfadiazine combinations (20 mg/kg PO every 12 to 24 hours) are the only practical choice for long-term treatment of horses with persistent UTIs. Cephalosporins Cephalosporins are commonly used for treatment of UTIs in other species. However, in horses, the cephalosporins are rarely more advantageous than the penicillins or potentiated sulfonamides. However, ceftiofur has broad-spectrum antimicrobial activity and may be indicated (2.2 mg/kg IM every 12 hours) when urinary pathogens are resistant to other drugs.92 Tetracyclines Intravenous tetracyclines are rarely indicated for the treatment of UTIs in horses. However, there has been a resurgence in use of doxycycline in human and veterinary medicine, and this costeffective oral antimicrobial agent may be of use for treatment of UTIs caused by susceptible gram-positive isolates. After oral administration (10 mg/kg every 12 hours for 3 days), urinary concentrations reached 145 ± 25 µg/mL 2 hours after the last dose (more than 100 times higher concentrations than in plasma).96 Bioavailability has not been determined because IV administration of doxycycline causes cardiac toxicity. Caution should be used with this drug because a higher dosage (20 mg/ kg PO every 24 hours) resulted in enterocolitis leading to euthanasia in one of six horses in this report.97 Fluoroquinolones Enrofloxacin (5 to 7.5 mg/kg PO every 12 hours) may be a suitable antimicrobial agent for more serious upper or persistent UTIs when the causative organism(s) are resistant to other antibiotics. After oral administration (5 mg/kg every 12 hours), enrofloxacin bioavailability was 60% in horses and the drug was well concentrated in urine.98 However, fluoroquinolones can damage articular cartilage (particularly in rapidly growing juvenile animals) and their use should, therefore, be limited to adult horses or to foals with urinary pathogens that are not susceptible to other antimicrobial agents.92
 
 Other Antimicrobial Agents The antimicrobial agents discussed earlier should be adequate for prophylaxis for surgery as well as for treatment of most UTIs in the horse. A significant challenge in equine practice is availability of antibiotics that can be orally administered with minimal adverse effects on the gastrointestinal tract and that also have a broad spectrum of activity against many equine pathogens. Although chloramphenicol is not approved for use in the horse, the need for such a drug has also led to a recent increase in chloramphenicol use, and this drug (25 to 50 mg/ kg PO every 8 hours) may be indicated for treatment of complicated or persistent UTIs in horses, when supported by culture and susceptibility results. If chloramphenicol is selected, owners and caregivers should be warned about the rare possibility of developing aplastic anemia and should be instructed to wear impenetrable gloves when administering this medication. Further, only formulations that can be dissolved in water or that are prepared as a paste or suspension should be used to limit the risk of inhaling chloramphenicol. A further challenge in horses undergoing urinary tract surgery in which temporary indwelling urinary catheters or ureteral stents may be used postoperatively is frequent colonization and infection with multidrug resistant organisms, notably Enterococcus spp. One antimicrobial agent that may be useful if the UTI persists after catheter or stent removal is vancomycin (7.5 mg/ kg IV every 8 hours); however, hospitals should have policies in place to approve and monitor use of this antimicrobial agent, limited to specific cases in which this is the only antibiotic choice on the basis of culture and susceptibility results.99 A final medication that is also undergoing a resurgence of use in human medicine and interest in small animal practice for treatment of multidrug resistant UTIs is fosfomycin.100,101 Pharmacokinetics of this antimicrobial agent after IV, IM, or subcutaneous administration to horses have been reported, and dosages of 10 or 20 mg/kg produced serum and urine concentrations above the MIC for many pathogens.102 Currently, however, laboratories do not routinely provide a susceptibility report for fosfomycin and I am unaware of the use of this drug in clinical cases of UTI in horses.
 
 ANTI-INFLAMMATORY DRUGS Harold C. Schott II Surgical treatment of urinary tract disorders requires short-term treatment with anti-inflammatory drugs to limit postoperative swelling and inflammation and to provide analgesia for the patient. Phenylbutazone and flunixin meglumine, at routine doses, can be used as effective anti-inflammatory drugs and should provide adequate analgesia for most patients. To avoid adverse gastrointestinal and renal effects when using these nonsteroidal anti-inflammatory drugs (NSAIDs), a rule to follow should be to use the lowest effective dosage for the shortest duration that produces the desired clinical result. The urinary tract presents unique challenges for control of inflammation and pain in the postoperative period. For example, urine may continue to leak through repair sites of disrupted ureters or the bladder. This complication may retard healing of wound margins and result in recurrence of uroabdomen. To minimize this complication, indwelling bladder catheters or ureteral stents may be used in the postoperative period, but their presence may lead to straining. In addition to use of
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 NSAIDs, administration of phenazopyridine (4 mg/kg PO every 8 to 12 hours) may alleviate lower urinary tract pain in these patients. In people, phenazopyridine relieves burning, irritation, and discomfort, as well as urgent and frequent urination caused by urinary tract infections, surgery, injury, or examination procedures. After renal elimination, the medication acts as a topical local anesthetic on ureteral, bladder, and urethral mucosa. However, phenazopyridine does not have antimicrobial activity and it turns urine an orange color that can stain hands and clothing. Efficacy of the drug should be apparent after the first or second dose, and it is typically administered for only 2 to 3 days. When NSAIDs and phenazopyridine are not effective in providing adequate analgesia, intermittent administration of α2-receptor agonists or opioids or a continuous-rate infusion of lidocaine (and possibly α2-receptor agonists and opioids) may need to be considered. In horses in which significant postoperative pain may be anticipated, epidural administration of α2-receptor agonists or opioids should also be considered to produce prolonged regional analgesia before full recovery from general anesthesia. Refer to recent reviews for further information on these approaches to analgesia.103-106 Finally, when a nephrectomy is performed, there is a loss of residual functional nephrons. The reduction in total renal mass should be taken into consideration when formulating an antiinflammatory and analgesic plan because the risk for nephrotoxicity with NSAIDs may be increased in these patients.
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 CHAPTER
 
 Kidneys and Ureters Harold C. Schott II and J. Brett Woodie
 
 ANATOMY Harold C. Schott II The urinary system of the horse, like that of most mammals, consists of paired kidneys and ureters, the bladder, and the urethra.
 
 Kidney The kidneys and ureters are located in the retroperitoneal space. In a newborn 50 kg foal, each kidney weighs 150 to 200 g. In the adult horse (400 to 500 kg), the left kidney weighs 800 to 1000 g and the right kidney is usually 25 to 50 g heavier, although this is not a consistent finding and the reverse relation may be observed.1 The right kidney is located immediately below the dorsal extent of the last two or three ribs and the first lumbar transverse process. It is shaped like a horseshoe and measures about 15 to 18 cm (6 to 7 inches) in length, 15 cm (6 inches) in width, and 5 to 6 cm (2 to 2 1 2 inches) in height (dorsal to ventral). Craniolaterally, it is embedded in the liver, and its more cranial position in comparison to the left kidney prevents it from being accessible on rectal palpation. The left kidney is more elongated than the right kidney, in the shape of a U or inverted J with the longer arm extending caudad. The cranial pole extends to the level of the hilus of the right kidney. The left kidney is about 18 cm (7 inches) long, 10 to 12 cm (4 to 5 inches) wide, and 5 to 6 cm (2 to 2 1 2 inches) in height. Because of its more caudal location, the caudoventral aspect of the left kidney can be palpated routinely during rectal examination. The blood supply to the kidneys comes from one or more renal arteries branching from the aorta. Accessory renal arteries, which generally enter caudally, may also arise from the caudal mesenteric, testicular, ovarian, or deep circumflex iliac arteries.1 The surface of each kidney is covered by a fibrous capsule that is easily peeled from the underlying renal parenchyma. The equine kidney consists of an outer cortex that is slightly narrower than the inner medulla. The cortex is dotted with dark spots: renal corpuscles or glomeruli within Bowman’s capsules. In horses, the corticomedullary junction is less distinct than in other species and is typically a deep red that contrasts well against the paler medulla and red-brown cortex. This region undulates between regularly spaced interlobar arteries that subdivide the renal parenchyma into somewhat indistinct lobes, consisting of a wedge of cortex overlying a narrower pyramid of medullary tissue. The cortex extends somewhat deeper into the renal parenchyma adjacent to each interlobar artery, and these cortical projections are termed renal columns (not well developed in horses). On a three-dimensional view, renal columns surround or cap the convex base of a renal pyramid, the associated medullary portion of each kidney lobe. Renal pyramids narrow as they extend to their apices at the level of the renal pelvis.2 A commonly cited anatomy text states that equine kidneys contain a total of 40 to 60 lobes arranged in four parallel rows.1 However, kidney lobation varies among species with
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 cattle having the most obvious separation of the renal parenchyma into lobes; in carnivores, small ruminants, and the horse they are largely fused, thus making histologic separation into distinct lobes somewhat difficult.2 The renal pyramids are also fused to a large extent in horses; however, at the innermost aspect of the medulla, the apices of the pyramids are partly separated by invaginations of fibrous connective tissue and smooth muscle extending from the renal pelvis that surround the apex of each renal pyramid. In other species, this smooth muscle has been shown to play an important role because contractions squeeze the apices of the pyramids circumferentially, intermittently forcing urine into the renal pelvis and forcing capillary blood, interstitial water, and electrolytes back into the venous circulation.3 Deep to the medulla is the renal pelvis, a funnel-shaped proximal extent of the ureter that is flattened in the dorsoventral plane. The renal pelvis consists of three layers: an external fibrous coat, an intermediate smooth muscle layer, and an innermost layer of transitional epithelium. In some areas the fibrous coat can extend into the renal parenchyma to become contiguous with the connecting tissue of the renal columns (incompletely developed in horses). The muscular layer contains smooth muscle fibers that run in assorted directions, attaching near the site where the fibrous coat joins with the renal columns along the pyramids, and continuing without interruption as ureteral smooth muscle.3 A prominent ridge of tissue with a mildly concave free edge, termed the renal crest, protrudes into the renal pelvis along a craniocaudal axis, opposite to the outflow path of the ureter. The renal crest is a fusion of the apices of many pyramids of medullary tissue in the central aspect of the kidney (Figure 64-1).2 The distal ends of inner medullary collecting ducts (ducts of Bellini) from the middle portion of the kidney open onto the renal crest to allow urine to exit into the pelvis through the area cribosa. In contrast, the collecting ducts draining nephrons in the cranial and caudal parts of the kidney do not open into the pelvis directly but into two narrow tubular structures termed the terminal recesses.2 These tubular structures are only a few millimeters in diameter but extend 5 to 7 cm (2 to 3 inches) into either pole of the kidney.2 As the pelvis extends into the ureter, beyond the renal crest, transitional epithelium becomes more prominent and consists of numerous folds (to allow distension and contraction). In addition, the renal pelvis and proximal ureter are lined with both compound tubular mucus glands and goblet cells that secrete thick, viscid mucus that is usually found in the renal pelvis and urine of normal horses.1,4
 
 Ureters The ureters are 6 to 8 mm (2 1 2 to 3 inches) in diameter and travel about 70 cm (28 inches) to their insertions in the dorsal bladder neck, or trigone, close to the urethra. The distal 5 to 7 cm of each ureter courses within the bladder wall. This intramural segment of the ureter functions as a one-way valve to prevent vesicoureteral reflux with progressive bladder 913
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 C Figure 64-1.  Endoscopic appearance of the renal pelvis of the horse. A, The renal crest (RC) extends from upper right to lower left and uroepithelium (UE) of the proximal ureter becomes more prominent toward the periphery of the renal pelvis; entrance of the terminal recesses into the renal pelvis is at the level of the white arrows. B, Closer view of the renal crest showing phenol red (dark gray patches) exiting numerous ducts of Bellini, terminal portions of the innermedullary collecting ducts. C, Close-up view over an opening of a terminal recess into the renal pelvis; a gray stream of phenol red–discolored urine is exiting the opening (black arrow).
 
 distention.1 Ureters are muscular tubes, similar to the esophagus. As a “bolus” of urine accumulates in the renal pelvis, pacemaker activity induces a muscular contraction that propagates the bolus of urine down the ureter to the bladder. With changes in urine flow in other species, the length of the “urine bolus” changes while the rate of transport down the ureter remains the same.3 Passage of “urine boluses” can be appreciated in horses during either cystoscopy or transrectal ultrasonographic examination. During cystoscopy, streams of urine can be seen to intermittently exit each ureter. These urine streams are asynchronous and vary in volume and frequency with changes in urine flow.5 During transrectal ultrasonography, forceful passage of urine from the ureters into the bladder can be appreciated by swirling of the echogenic urine in the bladder near the trigone.
 
 Histology The functional unit of the kidney is the nephron. Each nephron is composed of a renal corpuscle (glomerulus within Bowman’s capsule), a proximal tubule (convoluted and straight components), an intermediate tubule (loop of Henle), a distal convoluted tubule, a connecting tubule, and cortical, outer medullary, and inner medullary collecting ducts.1,2 A study of kidney organogenesis using unbiased stereological techniques found that the equine left kidney contains approximately 10 million glomeruli (for a total of 20 million in both kidneys) and, as in other species, the total number of glomeruli do not increase after birth despite continued growth of the kidney (with increasing glomerular size) until about 1 year of age.6 Histologically, equine nephrons are similar in most respects to those of other
 
 mammalian species; however, the diameter and epithelial height of the collecting duct segments are comparatively larger. In addition, the equine macula densa (segment of the ascending loop of Henle that lies in close association with the juxtaglomerular apparatus of the afferent arteriole) appears more prominent than that of other mammals.7 Whether these subtle histologic differences are accompanied by functional differences has not been investigated.
 
 Innervation Relative to its size, the mammalian kidney has a richer innervation than almost any other organ.8 Although the neuroanatomy of the equine kidney has not been well studied, autonomic nerves course from the aorticorenal and renal ganglia along the major renal vessels into the kidneys.1 These nerves are predominantly sympathetic because the kidneys appear to be poorly supplied by cholinergic nerves. Although the best-recognized effect of renal nerves is control of renal vascular resistance (for regulation of renal blood flow over a wide range of perfusion pressures), they also act directly on renal tubules and juxtaglomerular cells. For example, low-frequency stimulation of renal nerves (below the threshold for vasoconstriction) increases proximal tubular sodium reabsorption and renin release by activation of α1 adrenoceptors.9 In addition to α- and β-adrenoceptors, renal vasculature is rich in dopaminergic adrenoceptors. Activation of the latter, specifically dopamine type 1 receptors, leads to increased perfusion of the outer renal medulla. Presence of these receptors was the basis for historical use of dopamine (a treatment that is no longer recommended), and recently more specific DA-1 receptor agonists, such as fenoldopam, in an attempt to improve renal blood flow in acute renal failure.10,11 Renal adrenoceptors can also be activated unintentionally by administration of drugs. A common clinical example is the diuresis induced by administration of the α2agonists xylazine and detomidine. Although the diuresis has been attributed to a transient hyperglycemia and glucosuria, the latter is often absent.12,13 An alternative explanation may be drug binding to α2-adrenoceptors located on collecting duct epithelium. Activation of these receptors can lead to antagonization of the effects of antidiuretic hormone on cortical collecting ducts, resulting in diuresis.14 Autonomic innervation of the ureters is important for ureteral peristalsis. The equine ureteral smooth muscle contains both α1- and β2-adrenoceptors, which induce contraction and relaxation, respectively, when activated by norepinephrine.15 Recent studies of the innervation of the equine ureter demonstrated greater densities of adrenergic neurons in the proximal (renal pelvis) and intravesicular (bladder wall) portions of the ureter.16 Increased densities in these regions are consistent with the suspected pacemaker activity of the renal pelvis, which initiates ureteral peristalsis, and the sphincter-like function of the distal segment of the ureter.
 
 DISORDERS REQUIRING SURGERY Harold C. Schott II Disorders of the kidneys and ureters that may require surgery include congenital anomalies (ectopic ureter and ureteral defects) and acquired disorders. The latter can include nephrolithiasis, ureterolithiasis, pyelonephritis, neoplasia, and ureteral disruption (ureterorrhexis). Rarely, hematuria may be a
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 consequence of vascular malformations for which surgical inteervention may be necessary.
 
 Congenital Anomalies Ectopic Ureter Although rare, ectopic ureter is the most commonly described anomaly of the equine urinary tract.17-34 Ectopic ureters can develop when the ureteric bud (metanephric duct) either fails to be incorporated into the urogenital sinus or fails to migrate craniad to the bladder neck, or when the mesonephric duct fails to regress.35 In the former instance, ectopic ureters open near the urethral papilla in females or in the pelvic urethra near the colliculus seminalis in males. With the latter, the ureter may open anywhere along the vagina, cervix, or uterus (but only in females because this portion of the mesonephric duct becomes the Wolffian duct system in males). In horses with ectopic ureters, urinary incontinence is usually apparent from birth. Affected animals are presented for scalding of the hind limbs during the first few weeks to months of life. Horses with unilateral ectopia can also urinate normally, because the other ureter enters the bladder in the appropriate location. Renal function is usually normal, but the affected ureter may be markedly dilated and tortuous (attributed to intermittent obstruction). To determine the site of the ectopic ureteral orifice(s), visual examination of the vestibule and vagina (using a blade speculum) is initially performed to look for intermittent urine flow from the area of the urethral papilla. Endoscopy is helpful in females (while inflating the vestibule and vagina with air and using a hand to form a seal at the vulva) (Figure 64-2) and is required in males to visualize the ectopic ureteral opening. Intravenous administration of a dye (phenolsulfonphthalein [phenol red], 1 mg/kg IV) to discolor urine red may help locate ectopic ureteral openings. As discussed in Chapter 63, intravenous contrast excretory urography has been performed to investigate renal architecture and the course of ectopic ureters; however, detail is often limited and results have frequently been inconclusive. If radiographic imaging is
 
 U LEU
 
 Figure 64-2.  Endoscopic image of a left ectopic ureter (LEU) opening into the urethral wall (U) of a filly. (From Cokelaere SM, Martens A, Vanschandevijl K, et al: Hand-assisted laparoscopic nephrectomy after initial ureterocystostomy in a Shire filly with left ureteral ectopia. Vet Rec 161:424, 2007, with permission.)
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 pursued, retrograde contrast studies via catheterization of the bladder and ureters or ultrasound-guided pyelography, in which contrast agent is injected directly into the renal pelvis using a spinal needle (Figure 64-3),31 are more rewarding contrast radiographic techniques, yet they still may not provide adequate information about the distal end of ectopic ureters. If an abnormal ureteral opening can be documented by direct visualization via endoscopy, further information gleaned from contrast radiographic studies is likely to be of limited value, other than documenting ureteral enlargement or possible hydronephrosis. In fact, a study in dogs with ectopic ureters found that endoscopic evaluation was more successful than contrast radiographic studies for locating the ectopic ureteral opening.36 Currently, I do not recommend contrast radiographic imaging for evaluation for ectopic ureters; rather, endoscopic and ultrasonographic findings are generally preferred to establish the diagnosis and to formulate a surgical plan. In foals that are small enough to fit into the gantry of computed tomography (CT) or magnetic resonance imaging (MRI) scanners, use of these imaging devices, coupled with IV administration of contrast agents, may provide the best overall detail about the course of ectopic ureters from the kidney to the lower urinary or reproductive tract.34 In a report of 24 dogs with suspected ectopic ureters, CT imaging was superior to fluoroscopic contrast radiographic studies in identifying ectopic ureters.37 Of interest, cystoscopic and surgical or necropsy findings were considered gold standards for comparison of results in this study. Drawbacks of CT and MRI are that these imaging procedures require general anesthesia and are costly, and currently there is limited evidence that they provide better information than that obtained via endoscopic examination of the lower urinary tract and ultrasonographic imaging of the kidneys. Nuclear scintigraphy was performed in one case of bilateral ectopic ureter to demonstrate an apparent blind end (atresia) of one ureter and a course of the other ureter beyond the bladder.32 The scintigraphic findings in this case did not agree with results of intravenous pyelography, and they provided limited anatomical detail about the distal end of the ectopic ureter; however, scintigraphy did provide information about the relative function of each kidney in this patient. Surgical treatment of ectopic ureter has included ureterocystotomy (surgical reimplantation of the ectopic ureter[s] into the bladder with or without tunneling) or unilateral nephrectomy. Before surgery is pursued, it is imperative to determine whether the condition is unilateral or bilateral, which side is affected if unilateral, and whether urinary tract infection (UTI) is present. Further, attempts should be made to rule out other anomalies, especially of the urethral sphincter and reproductive tract. Because the most significant postoperative problem in dogs with ectopic ureters is persistence of incontinence,38 it is useful to determine whether detrusor and urethral sphincter function are fairly normal, especially with bilateral ectopia. A simple assessment can be made by infusing saline into the bladder and observing whether incontinence develops (sphincter dysfunction) and if the infused fluid is voided spontaneously (detrusor function). More sophisticated assessment can be performed by cystometrography39-41 and is worthy of consideration because functional abnormalities of the urethra or bladder were found in eight of nine dogs with ectopic ureter in which urodynamic studies were performed.42 In 21 cases of ectopic ureter in horses reported in the literature17-34 and five further cases I saw, 24 of 26 (92%) have been females; however, this lopsided sex distribution may reflect
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 A
 
 B Figure 64-3.  A, Ventrodorsal radiographic view of a retrograde contrast-enhanced urethrocystogram in a colt with bilateral ectopic ureters showing the bladder (a), pelvic urethra (b), and coxofemoral joint (c). The straight white arrow indicates a catheter within the penile urethra and the undulating arrows indicate the ureters. B, Ventrodorsal radiographic view of a percutaneous ultrasound-guided pyelogram in a filly with a left ectopic ureter detailing both hydronephrosis and a markedly enlarged and tortuous ureter. Although both approaches provide greater contrast detail than intravenous pyelography, insertion of the distal ends of the ectopic ureters is not well detailed in either study.   (A, From Modransky PD, Wagner PC, Robinette JD, et al: Surgical correction of bilateral ectopic ureters in two foals. Vet Surg 12:141, 1983. B, From Tomlinson JE, Farnsworth K, Sage AM, et al: Percutaneous ultrasound-guided pyelography aided diagnosis of ectopic ureter and hydronephrosis in a 3-week-old filly. Vet Radiol Ultrasound 42:349, 2001, with permission).
 
 that incontinence is easier to recognize in females, because urine entering the pelvic urethra in males may pass retrograde into the bladder. Although a genetic predisposition for ectopic ureter exists for several dog breeds,43 no breed predilection has been established in horses. However, Quarter Horses and
 
 Standardbreds may be at greater risk: the condition has been found in eight Quarter Horses and six Standardbreds as compared to two Thoroughbreds, two Appaloosas, two Clydesdales, two Shires, one Arabian, one Fresian, one Foxtrotter, and one Warmblood. The condition was unilateral in 17 (left in 11 cases; right in five cases, and not specified in one case) and bilateral in nine. Affected foals should be examined for other anomalies because two foals appeared to have an abnormal urethral sphincter20,25 and one was a cryptorchid.19 Among 20 cases in which surgical correction was pursued, ureterocystotomy was initially successful in establishing a functional ureter in 11 published cases19,20,24,25,30-33 and two foals seen by me, although four died of postoperative complications.20,24,31 In contrast, all seven cases treated by unilateral nephrectomy (including two seen by me) had a favorable outcome.21,22,28,34 Because affected ureters are often dilated and tortuous, surgical reimplantation can be difficult and may not result in a functional ureteral orifice. For example, an attempt to perform a ureterocystotomy in one mare was aborted during the initial surgery because a markedly enlarged ureter was detected; subsequently a nephrectomy was performed several weeks later.22 A surgically created ureteral opening into the bladder in another case became stenotic and incontinence returned, prompting nephrectomy several weeks after the initial surgery.32 Consequently, when the problem is unilateral, nephrectomy of the affected side may be the preferred treatment option at present. However, nephrectomy results in a loss of renal functional mass, and with recent improvements in endoscopic equipment, it would seem preferable to pursue endouroscopic laser treatment of ectopic ureters in horses, as is the current treatment of choice in dogs.44,45 Most reports of ectopic ureter treated by nephrectomy fail to describe what is done with the remnant ureter. In one report, the ureter appeared to continue to pool an exudate that was observed to be passed once or twice daily.22 Authors of future reports are encouraged to more closely describe whether or not the remaining ureter, which is often dilated and tortuous, is also removed (difficult with a flank approach) or left in situ. Ureteral Defects or Tears (Ureterorrhexis) Retroperitoneal accumulation of urine and uroperitoneum have been described in seven foals with unilateral or bilateral ureteral defects46-52 and have been observed in three additional foals by me. These included seven male and three female foals of various breeds (five Standardbreds, two Thoroughbreds, one Belgian, one Oldenberg, and one Appaloosa). Clinical signs including decreased nursing, depression, abdominal distention, diarrhea, and muscle twitching or other signs of neuromuscular irritability, and clinicopathologic abnormalities consisting of hyponatremia, hyperkalemia, hypochloremia, and azotemia, are similar to those seen with bladder rupture but may have a slightly later onset (4 to 16 days of age). Mild protrusion of the vagina may be seen in fillies in which the peritoneum has remained intact. In affected foals, ultrasonographic examination may reveal dilation of the renal pelvis and affected ureter as well as fluid accumulation around the kidneys or farther caudad within the retroperitoneal space. As with ectopic ureters, excretory urography has generally been an unrewarding diagnostic procedure, but contrast pyelography was successfully used to image leakage of contrast agent from a proximal ureteral defect in one report.52 Contrast radiography has not routinely been pursued because
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 exploratory celiotomy was generally performed shortly after a diagnosis of uroperitoneum was established. Catheterization of the ureters via a cystotomy and retrograde injection of methylene blue allowed localization of the defect(s) during surgery, and four cases, including one seen by me, were successfully treated by suturing the defect around an indwelling catheter.48,49,52 Although ascending UTI should be an expected complication with a stent, repair of a defect in one foal without use of an indwelling catheter resulted in further urine leakage from the ureter, prompting a nephrectomy 4 days after the initial surgery.51 Of the five remaining foals, one died consequent to progressive abdominal distention within a few hours after nephrectomy46 and another foal died after three unsuccessful attempts at surgical repair.47 Euthanasia was performed in another foal after recurrence of uroabdomen following nephrectomy (because of failure to detect bilateral ureteral defects in one case seen by me) and in two cases in which surgical repair was declined by the owner.51 At surgery or necropsy a single defect was found in six foals, bilateral defects were found in four foals, and multiple defects were apparent in one ureter. In most cases the defects were located in the proximal third of the ureter near the kidney. Of interest, distended, tortuous ureters, occasionally accompanied by hydronephrosis, were also described in two affected foals47,52 and distal obstruction of the ureters at the bladder was suspected in these cases, prompting ureterocystotomy. Although several reports suggest that these ureteral defects may be anomalies of development, the actual cause of these ureteral defects is not known. Traumatic disruption was suggested in the initial report in which histologic examination of the margins of the defect revealed hemorrhage and proliferation of immature connective tissue.46 A traumatic etiology was further supported by a subsequent report in which histologic examination of the defects revealed absence of transitional epithelium and inflammation in the defect margin in a foal that had been attacked by dogs.50 Inflammation and granulation tissue also were seen in the apparently obstructed distal ureter in one of the foals with ureteral distention, again suggesting an acquired lesion. Blunt abdominal trauma, as may be sustained during automobile accidents, can cause retroperitoneal accumulation of urine as well as uroperitoneum in humans.53 Disruption of the ureter is usually near the kidney, and this complication of trauma may not be recognized for several days following injury. In one foal evaluated by me, multiple rib fractures found at necropsy suggested that these ureteral tears could actually be a complication of foaling trauma (Figure 64-4). Vascular Anomalies Anomalies of the vascular supply to the equine urinary tract are rare but may result in hematuria, hemoglobinuria, partial ureteral obstruction, or hydronephrosis. Although not described in horses, life-threatening hematuria or hemorrhage into the abdomen could require surgical intervention and possible nephrectomy. A distal aortic aneurysm and associated extrarenal arterioureteral fistula has been described in a 5-month-old colt presented for intermittent hematuria, colic, and lameness.54 Partial ureteral obstruction and hydronephrosis were observed on the affected side. Intrarenal vascular anomalies, termed renal arteriovenous malformations, are similarly rare (reported frequency of 0.04% in humans).55 Interestingly, these vascular malformations may be silent until later in life, when varying
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 SECTION X  URINARY SYSTEM weeks, the large anomalous vascular structure spontaneously filled with a thrombus so that specific treatment (a nephrectomy) was not pursued. Occasionally gross hematuria with passage of blood clots can accompany omphalitis or bladder rupture.57,58 These problems can usually be detected during ultrasonographic examination of the umbilical structures, and tissue echogenicity within the bladder, attributable to a blood clot, can sometimes be imaged.
 
 Acquired Renal and Ureteral Disorders Renal and Ureteral Calculi
 
 A
 
 B Figure 64-4.  A, Kidney and ureter removed from a Standardbred colt with a proximal ureteral defect (or tear) through which a probe is inserted. B, Thoracic wall from the same foal showing a series of five fractured ribs, providing support that ureteral defects in foals can be acquired secondary to trauma.
 
 degrees of hematuria and flank pain may ensue. The anomalous vessels are often tortuous and may be focally enlarged and devoid of elastic tissue. Hematuria and hemoglobinuria are thought to arise from areas where the anomalous vessels lie close to the collecting system. With vascular anomalies, an attempt should be made to determine the extent of the defect (unilateral or bilateral) via ultrasonographic examination, contrast radiographic studies, or cystoscopy (visualization that hematuria is coming from only one ureteral orifice). When a unilateral defect is documented in the absence of azotemia, unilateral nephrectomy or selective renal embolization has been recommended to prevent possible fatal exsanguination through the urinary tract55; however, conservative treatment may be considered if the urinary tract bleeding is minor and has not resulted in anemia. A large vascular anomaly resulting in transient hemoglobinuria has been reported in a Quarter Horse colt.56 Over several
 
 Despite production of urine rich in crystals, urolithiasis is less common in horses than in dogs or cats with reported prevalence ranging from 0.11% to 0.7%.59,60 In a review of 68 horses with urolithiasis, 15 had uroliths in the kidneys and two had ureteroliths and several horses with cystic calculi also had calculi in the upper urinary tract.59 Nephroliths develop around a nidus that may be started with a variety of diseases that may damage renal parenchyma.61 Calcium carbonate and calcium oxalate crystals readily form within collecting ducts and can tightly adhere to damaged renal tissue, forming a nidus for stone enlargement. At present, data on upper urinary tract stones in horses are insufficient to know whether they also develop spontaneously in the absence of tissue damage as in humans and whether they differ significantly in mineral composition from cystic calculi. It has been speculated, but not proved, that prolonged use of nonsteroidal anti-inflammatory drugs can damage renal medullary tissue and increase the risk of nephrolith formation adjacent to or within the pelvis and terminal recesses.62 Although nephrolithiasis and ureterolithiasis can be painful conditions in humans, horses often remain asymptomatic, and upper tract stones can be an incidental finding at necropsy.60 Clinical signs become apparent if obstructive disease develops or bilateral disease leads to chronic kidney disease (CKD).59,61,62 Nonspecific presenting complaints consistent with CKD including poor performance, lethargy, inappetance, and weight loss are more common than signs of obstructive disease, such as colic, stranguria, and hematuria. In an occasional male horse, a small stone passes down the ureter and leads to urethral obstruction and signs of acute obstructive disease (see Chapter 66). Rectal palpation may reveal an enlarged kidney or ureter (or bladder with urethral obstruction), and ureteral calculi may be palpable in an enlarged ureter.63 Because normal ureters are generally not palpable on rectal examination, the entire course of the ureters (retroperitoneally along the dorsal abdominal wall to the lateral aspects of the pelvic canal to their insertion at the dorsal bladder neck) should be carefully palpated—an enlarged ureter can be overlooked. Diagnosis of renal and ureteral calculi is usually made during rectal or ultrasonographic examination (see Figure 63-6). Although ultrasonographic imaging may provide information on the presence, number, and location of calculi, stones smaller than 1 cm diameter can be missed despite complete examination. Other ultrasonographic findings to support upper tract obstructive lithiasis include dilatation of the renal pelvis or proximal ureter and, in longstanding cases, hydronephrosis. Although azotemia generally accompanies bilateral disease, horses with unilateral disease often maintain normal renal function. A quantitative urine culture should be performed in all horses with nephrolithiasis or ureterolithiasis to assess possible concurrent UTI. If stones are available or collected at
 
 surgery, they should also be submitted for culture because they may yield bacterial isolates in the face of a negative urine culture result.59,61 Because most horses with nephrolithiasis or ureterolithiasis typically have CKD by the time the diagnosis is established,59,61,62 few patients are good candidates for surgical treatment. Nevertheless, in a few horses with unilateral disease (without azotemia) or obstructive disease, documented by detection of hydronephrosis on renal ultrasonography or minimal urine production from the ureter on the affected side during cystoscopy, surgery has been effective.63-67 In one mare, obstructive ureterolithiasis caused apparent lumbar pain, prompting stone removal twice 5 months apart, initially by a ureterolithectomy via a ventral midline approach and subsequently by using a basket retrieval device passed via the urethra into the ureter.63 However, the mare succumbed to laminitis 3 months later, and bilateral nephrolithiasis was found at necropsy examination. Therefore, further recurrence would have been likely in this case. In a 3-year-old Thoroughbred colt, an obstructive ureterolith was successfully removed via endouroscopically-guided electrohydraulic lithotripsy, and the horse returned to a successful racing career.64 Unilateral nephrectomy was reported to be a successful treatment for a renal abscess, pyelonephritis, or chronic hematuria associated with a nephrolith in three horses, all of which did not have azotemia and had an apparently normal contralateral kidney.65-67 Accordingly, with appropriate case selection (lack of azotemia and unilateral disease), nephrectomy can be an effective treatment for nephrolithiasis in horses. In fact, in the absence of azotemia, nephrectomy may be the preferred approach for management of obstructive unilateral renal or ureteral calculi, because removal of the affected kidney should eliminate any associated upper UTI and the potential for recurrence. Pyelonephritis Upper UTIs involving the kidneys are rare in horses. The course of the distal segment of the ureters in the dorsal bladder wall creates a physical barrier or valve to prevent vesicoureteral reflux (VUR), a prerequisite for ascending pyelonephritis.68 Problems that interfere with this barrier and increase the risk for VUR and associated upper UTIs include ectopic ureter or bladder distention, which may occur with bladder paralysis or urethral obstruction. Over time, VUR leads to progressive ureteral dilatation, renal scarring, and infection with commensal organisms. The role of recurrent lower UTI in the development of pyelonephritis is less clear because many cases of recurrent cystitis in other species never proceed to involve the upper urinary tract.68 Because the kidneys are highly vascular organs, septic nephritis can also develop in association with septicemia in neonatal or adult horses.69 Unless renal involvement is extensive, the upper UTI may go undetected but could lead to development of nephrolithiasis or CKD months to years later. Pyelonephritis in horses has been described in association with urolithiasis and chronic cystitis with bladder paresis.59,68,70 Other causes have included accidental amputation of the penis during castration,71 foreign bodies in the bladder,72 and lower urinary tract neoplasia.73 With pyelonephritis, dysuria is manifested by hematuria or pyuria rather than by stranguria and pollakiuria (as for cystitis). In addition, horses with upper UTIs generally show other clinical signs, including fever, weight loss, anorexia, or depression.68,74,75 As mentioned in the discussion
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 of renal and ureteral calculi, upper UTIs can accompany nephrolithiasis and ureterolithiasis, and in affected cases it may be unclear which problem developed first. Diagnostic evaluation includes physical and rectal examinations, urinalysis, and a quantitative urine culture. Careful palpation may allow detection of an enlarged ureter or kidney, although the kidney may also get smaller in long-standing cases. Actinobacillus equuli, Streptococcus equi, Rhodococcus equi, or Salmonella spp. are common isolates from horses with hematogenous nephritis.68,69 In horses with upper UTIs, a complete blood count and serum biochemistry profile should be performed to assess the systemic inflammatory response and renal function. Cystoscopy (to evaluate urine flow from each ureteral orifice) and ultrasonographic imaging of the bladder, ureters, and kidneys are helpful adjunctive diagnostic procedures. Ureteral catheterization (by passing polyethylene tubing via the biopsy channel of the endoscope or by using a No. 8-10 French polypropylene catheter, which can be passed blindly in mares) may allow collection of urine samples from each ureter to distinguish unilateral from bilateral disease.76 Treatment for upper UTIs includes a prolonged course of appropriate systemic antibiotics (selected on the basis of susceptibility testing results on isolated pathogens, see Chapter 63). As for upper tract lithiasis, in carefully selected cases with unilateral disease, surgical removal of the affected kidney and ureter may be curative.65,66 In addition to absence of azotemia, recovery of insignificant numbers of bacteria (fewer than 10,000 CFU/mL) from urine collected from the ureter leading to the unaffected kidney would be valuable information to collect before nephrectomy is pursued Ureterorrhexis Ureteral disruption appears to be an extremely rare problem in the adult horse with only three reported cases.76-78 The cause appeared to be traumatic in a mare following dystocia and in a Thoroughbred gelding after a fall.77,78 The third case developed iatrogenically during an attempt to enter a ureter transurethrally with a rigid instrument.76 Unlike in foals, traumatic disruption was more distal toward the bladder and was unilateral in all cases. The postpartum mare presented for abdominal distention because of uroabdomen, and the gelding presented for colic signs with frequent posturing to urinate and uroabdomen was confirmed by a peritoneal fluid to serum creatinine ratio more than 2 in both cases. The diagnosis was made during an exploratory celiotomy in the mare and a ureteral stent was placed without attempting to repair the damaged ureter, because of tissue disruption and fluid (urine) accumulation around the tear. The stent was maintained for 3 weeks and the mare recovered uneventfully. A fluid-filled structure could be palpated dorsolateral to the bladder in the affected gelding, and this case was managed medically (without stenting). He recovered over the next few days with supportive care, and the fluid-filled structure resolved over the subsequent 2 months. In the final case, in which the ureter was traumatically damaged during instrumentation, the tear occurred in the terminal portion of the ureter within the bladder wall and the mare recovered with no specific treatment. Renal Neoplasia Renal neoplasms include adenomas, renal cell carcinomas, and nephroblastomas.79 Renal adenomas are small, well-
 
 920 
 
 SECTION X  URINARY SYSTEM
 
 circumscribed lesions in the renal cortex that are usually incidental necropsy findings. The most common renal tumor in the horse is renal cell carcinoma or adenocarcinoma.80-84 These arise from proximal tubular epithelium in most cases. Affected horses usually have nonspecific presenting complaints including poor performance, depression, weight loss, and recurrent colic. Signs that increase suspicion of a primary urinary tract problem include hematuria (94%) and detection of a palpable mass on rectal examination (77%).84 An occasional horse may have a large enough mass to cause protrusion of the paralumbar fossa or a hind limb gait abnormality and abnormal stance. Renal cell carcinomas are typically unilateral, and normal renal function is maintained by the contralateral kidney. Although nephrectomy would be the treatment of choice, tumors are typically too large and adherent to surrounding organs by the time they are detected. Accordingly, surgical removal is usually not possible and in one case in which it was attempted, uncontrollable abdominal intraoperative hemorrhage resulted in a decision for euthanasia.84 Frequent metastases to the lungs and liver are another indication that renal adenocarcinoma is usually not a treatable disease.84 As an example, in the only other surgical case, a nephrectomy was performed via a flank laparotomy but euthanasia was performed 7 months later because of respiratory difficulty associated with metastases.83 In a report of 27 horses with renal adenocarcinoma, only six cases were diagnosed during life (percutaneous biopsy in two and a surgical biopsy in four) but renal ultrasonography was markedly abnormal in all cases in which it was pursued (Figure 64-5).82,84 Only 2 of 27 horses were discharged from the hospital. The poor prognosis can be attributed to the fact that clinical signs of intra-abdominal neoplasia in horses are often not be apparent until the disease is quite advanced.85 In one report of renal carcinoma, clinical signs of the tumor were absent until the horse was anesthetized for laryngeal surgery. After an uncomplicated surgery, the horse was repositioned for recovery but died shortly thereafter. Compression of the caudal vena cava by a large renal carcinoma was suspected to lead to a decrease in venous return as the cause of sudden death.86 Other neoplastic diseases that may affect the kidneys include nephroblastoma, transitional cell carcinoma, and squamous
 
 A
 
 cell carcinoma.79,84,85,87 Nephroblastoma (Wilms’ tumor) is an embryonal tumor that arises in primitive nephrogenic tissue or in foci of dysplastic renal tissue; the latter tumor types arise from the uroepithelium of the renal pelvis or ureter.79,87 Neoplastic involvement of the upper urinary tract may also occur with dissemination of lymphosarcoma, hemangiosarcoma, melanoma, or adenocarcinoma arising from other tissues within the abdomen.88 Although they are not truly cancerous disease processes, mucinous hyperplasia of the renal pelvic and proximal ureteral uroepithelium or ureteropelvic polyp formation can also lead to development of a soft tissue mass in the area of either kidney, ureteral obstruction, and hydronephrosis.89-91
 
 SURGICAL PROCEDURES J. Brett Woodie
 
 Renal Biopsy Harold C. Schott II Renal biopsy is a controversial diagnostic procedure but it may provide useful information in select cases.92-94 Although percutaneous biopsy is considered a reasonably safe procedure when performed with ultrasonographic guidance, it carries risks including perirenal hemorrhage or hematuria and, less commonly, penetration of bowel. In humans, perinephric hematomas are detected by CT imaging in 57% to 85% of patients shortly after biopsy. Microscopic hematuria occurs in virtually all patients for the first couple of days after biopsy, but gross hematuria is observed in less than 10% of patients. Most of these complications are inconsequential, but postbiopsy transfusions have been required in up to 3% of patients, and one death has been reported since 1980.92 Similarly, in seven normal horses subjected to bilateral renal biopsy, macroscopic (1/7) and microscopic (4/7) hematuria were observed in five and extensive perirenal hemorrhage was found at necropsy examination of four horses subjected to euthanasia 8 hours following biopsy. Evidence of perirenal hemorrhage was still identified at necropsy in a fifth horse euthanatized 9 and 27 days following biopsy (of either side).94 A recent retrospective study of 151 renal biopsies collected from 146 horses found a complication
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 Figure 64-5.  Ultrasonographic images of the right kidney of a horse with renal adenocarcinoma. A, Little evidence of normal renal architecture remains. B, Multiple areas of hypoechoic fluid are apparent within the kidney.
 
 rate of 11.3%: macroscopic hematuria in 3% but a significant decline in packed cell volume in 5%; colic in 4%; one urethral obstruction because of a blood clot in the bladder; one death from hemorrhage; and one abortion of a 60-day fetus in a mare anesthetized for open surgical biopsy.95 An adequate sample for histopathologic evaluation was collected in 93% of these cases, but the impact of the biopsy results on patient management was not assessed in this report. Most renal biopsies are collected percutaneously after use of ultrasonography to locate the most appropriate biopsy site (blind biopsy after ultrasonographic localization) and this is the preferred technique in the horse for suspected diffuse renal disease. When a focal abnormality is detected on ultrasonography, laparoscopic-guided or open renal biopsy are more likely to result in collection of the desired abnormal tissue and should be considered. Because renal biopsy is not without risk, the procedure should be approached with caution and pursued only when results could substantially alter the therapeutic plan or prognosis. There is limited information about the impact of renal biopsy results on therapy and outcome of renal disease in humans; however, in one prospective study biopsy results were found to influence physicians’ decisions on about half of the cases.96 In general, renal biopsy is pursued more aggressively in humans with acute renal insufficiency than in those with chronic renal insufficiency, especially when it is difficult to determine the type of renal disease based on results of urinalysis and sediment examination.92 In the equine patient, a renal biopsy is performed with the horse sedated and restrained in stocks. With bilateral disease, biopsy of the right kidney is preferred because of its superficial location. After locating the right kidney via ultrasonography, overlying hair is clipped and the site, typically over the 15th to 17th intercostal spaces, is surgically prepared. Local anesthetic is infused subcutaneously followed by a deep stab incision with a No.15 blade to minimize drag of the skin and subcutaneous tissues on the biopsy instrument (a Tru-cut biopsy needle or, preferably, a spring-loaded, triggered biopsy device). Penetration of the needle into the renal parenchyma can often be appreciated by a change in tissue resistance, and the tip of the needle should be advanced about 1 cm deep into the kidney (depth can also be determined via ultrasonographic measurement immediately prior to biopsy). One biopsy sample should be placed in formalin for histopathologic evaluation, and additional samples can be collected for bacterial culture or for specialized microscopic examination, such as by immunohistochemistry or electron microscopy; appropriate sample processing should be determined beforehand by contacting the pathologist who will examine the biopsy samples. Because of the risk of hemorrhage, a minimum number of samples should be collected. In contrast to humans and small animals, in which the biopsy instrument is angled tangentially in an attempt to collect predominantly cortical tissue, the biopsy needle is generally inserted perpendicular to the equine kidney when the procedure is performed percutaneously. Routine analysis of a renal biopsy in human (and now small animal) medicine typically includes multiple stains of ultrathin sections for light microscopy, immunohistochemistry, and electron microscopy, with an emphasis on evaluation of glomeruli. Unfortunately, no laboratory currently offers detailed evaluation of equine renal biopsies. Additionally, equine renal disease is more often tubulointerstitial in origin than glomerular. When these
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 additional limitations are considered, clinicians should have specific questions in mind before renal biopsies are performed in horses. For example, a biopsy may be useful for establishing a diagnosis of renal dysplasia in a younger horse with CKD or of neoplasia versus infection in a kidney with a focal ultrasonographic abnormality. In the latter instance, a laparoscopically guided or open renal biopsy would have a greater chance of recovering a diagnostic biopsy sample. Specific treatment following a renal biopsy is not required, although patients should be carefully monitored for complications for 1 to 3 days following the procedure.
 
 Nephrectomy Unilateral right nephrectomy is performed through a right 16th or 17th rib resection or, alternatively, at the 16th and 15th intercostal spaces.97,98 Depending on the degree of anatomic variation, the most cranial approach can create a plane of dissection across the dorsal aspect of the costophrenic angle and through the diaphragm to the kidney. Although transthoracic approaches have been used successfully, they are more complicated than the right 17th rib resection approach and are not recommended. In the foal, a ventral midline approach can be used for unilateral nephrectomy but in the adult horse this is not feasible.97 In the transcostal approach, the horse is placed under general anesthsia, positioned in lateral recumbency, clipped, and prepared for aseptic surgery. Positive pressure ventilation should be available in case the thoracic cavity is entered inadvertently. This complication occurs more commonly on the right side of the horse.97 A 30- to 40-cm (12- to 16-inch) skin incision is made over the 16th or 17th rib. Dissection is continued through the serratus dorsalis caudalis and the external abdominal oblique muscles to expose the perisoteum of the rib. The periosteum is incised and elevated around the rib, taking care to avoid injury to the intercostal vasculature. A Doyen rib raspatory is helpful for this dissection. The rib is transected 2 to 5 cm distal to the costovertebral articulation using a bone saw or Gigli wire (Figure 64-6). Ventrally, the rib is disarticulated at the costochondral junction. Ronguers and a bone rasp should be used to smooth the end of the bone at the proximal extent of the incision. The medial costal periosteum is longitudinally incised, and the kidney is exposed by blunt dissection through
 
 Figure 64-6.  Resection of the 17th rib permits surgical access for right nephrectomy or nephrotomy procedure.
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 Figure 64-7.  All perirenal fat is removed by blunt dissection to permit access to the ureterovascular pedicle.
 
 Figure 64-8.  The renal artery, vein, and ureter are ligated with transfixing ligatures before resection and removal of the kidney.
 
 the retroperitoneal fat. If additional exposure is required, the incision can be extended ventrad. The kidney is mobilized by digital circumferential dissection through perinephric fat to expose the ureterovascular pedicle and penetrating capsular vessels (Figure 64-7). A self-retaining retractor is helpful to aid in exposing the kidney. Small capsular vessels and accessory renal arteries should be ligated. Electrocautery can be used if appropriate for the size of the vessel. The ureterovascular pedicle is isolated, and the artery, vein, and ureter are individually double-ligated (Figure 64-8). The use of hemostatic vascular clips or vascular staples facilitates removal of the kidney and provides adequate access for suture ligation of major vascular elements. After removal of the affected kidney, the renal fossa is lavaged and again evaluated for evidence of hemorrhage. The ureter is mobilized, ligated as far distad as possible, and transected. Resection of the pelvic ureter is not possible when using a flank approach for nephrectomy. Either Penrose or closed suction drains are placed after resection of the kidney to evacuate blood accumulating in the dead space or to manage urinecontaminated tissues. The periosteum of the rib and deep fascia are closed with a synthetic absorbable suture material placed in a simpleinterrupted or simple-continuous pattern. The subcutaneous tissues and skin are closed routinely. Unilateral left nephrectomy of the horse is performed in similar fashion using either a 17th or 18th rib resection or a dorsal flank incision.21,99,100
 
 Laparoscopic Nephrectomy by Hand-Assisted Techniques Laparoscopic nephrectomy in the horse has been described.101 An ipsilateral flank approach is used to remove the respective kidney. At least three portals are required. The first portal is made between the 17th and 18th ribs at the ventral border of the tuber coxae. The second portal is located midway between
 
 the last rib and the dorsocranial border of the tuber coxae. The third portal is prepared approximately 8 cm (3 inches) ventral to the second portal. A 30-cm (12-inch) long, 10-mm (4-inch) diameter, 0-degree laparoscope is used. The procedure for removing the left kidney starts with injection of epinephrine (1 mg in 10 mL of saline) in three or four sites at the dorsal border of the spleen to create splenic contraction. This enlarges the space in which the surgeon has to work. The perirenal fascia is injected dorsally with 20 mL of 2% mepivacaine. A monopolar electrocautery hook blade is used to create a plane of dissection dorsal to the kidney. Perirenal fat is dissected and removed with curved laparoscopic scissors. The hilus of the kidney is carefully dissected free to identify the vessels. Specialized (clockwise and counterclockwise) laparoscopic ligation instruments are used to ligate the renal artery, vein, and ureter, in that order. The area is assessed for hemorrhage prior to making a small flank incision to retrieve the kidney. Complications include pneumothorax and bleeding from accessory renal arteries. This is a technically demanding procedure and requires practice before attempting it on clinical patients. The first hand-assisted laporoscopic nephrectomy in human medicine was described in 1997.102 The surgical technique has been described for the left and right kidney in the standing horse.103,104 Preparation of the horse for this surgery includes withholding feed for at least 12 hours. The administration of perioperative antibiotics and analgesics is at the discretion of the surgeon. The paralumbar fossa corresponding to the kidney that is to be removed is clipped and surgically prepared for aseptic surgery. Administration of a systemic α2-agonist provides sedation. The paralumbar fossa is desensitized by local infiltration with mepivacaine hydrochloride. Insufflation of the abdominal cavity is not required because of the open approach. A 10- to 12-cm vertical skin incision is made in the paralumbar fossa beginning 5 to 8 cm below the dorsal border of the internal abdominal oblique muscle. The external abdominal oblique
 
 muscle is sharply incised and a modified grid approach is used to gain access to the peritoneal cavity. The peritoneum is sharply incised. A laparoscopic viewing portal is made dorsal to the proximal border of the flank incision. An instrument portal is created 4 to 6 cm cranial and 2 to 3 cm dorsal to the laparoscopic portal. A 0-degree laparoscope is used for viewing the surgical site, and a hand within the abdomen is used for retraction and blunt dissection. The retroperitoneal space caudoventral to the kidney is infiltrated with 15 to 20 mL of mepivacaine followed by digital massage to facilitate distribution of the local anesthetic throughout the retroperitoneal space. Laparoscopic scissors are used to sharply incise the peritoneum caudal to the kidney. This incision is enlarged by manual dissection to expose the kidney. Careful manual dissection is used to completely identify all of the vascular structures entering and leaving the kidney. The renal artery and vein are double-ligated separately, using size 2 polyglactin 910 with one-handed ties. The vessels are transected using laparoscopic scissors and the kidney is delivered out of the flank incision with the ureter intact. The ureter is doubleligated and transected. The renal vessels are inspected for hemorrhage followed by routine closure of the paralumbar incision in several layers. The most immediate and severe complication is uncontrollable hemorrhage, which generally originates from a torn accessory branch of the renal artery. Benefits from hand-assisted procedures include: tactile sensation to facilitate dissection, hand retraction, smaller surgical incision, decreased surgical time, and less surgical morbidity, in addition to eliminating the need for general anesthesia.
 
 Nephrotomy Nephrotomy is not considered a benign or potentially less complicated surgical procedure than nephrectomy. In dogs, it results in a 20% to 50% reduction in renal function.105,106 In equine patients, nephrotomy is performed less commonly than nephrectomy because indications are fewer and the degree of technical difficulty is substantially greater. The surgical approach for nephrotomy is similar to that used for nephrectomy. The procedure is technically difficult, given the depth and dimensions of the surgical field and the reduced ability to see the surgical site intraoperatively, complicated by hemorrhage from the penetrating capsular vessels. In canine patients, the approach is through a longitudinal sagittal incision in the convex lateral surface of the kidney.105,106 To make such an incision, the kidney must be dissected free from the perirenal fat. This disrupts multiple small penetrating capsular vessels that require hemostasis. After the kidney is mobilized, it may be pivoted about the ureterovascular pedicle to expose the convex surface. Before incising the cortex, major renal vessels are temporarily occluded with noncrushing vascular forceps or Rummel’s tourniquets. The renal incision is extended to expose the collecting system and the renal pelvis. Obstructive lesions of the renal pelvis (e.g., renal calculi) are removed, and the collecting system is lavaged. The incision is made just large enough to allow removal of the calculi. Less damage is done to the renal parenchyma if the renal capsule is incised with a blade and forceps are used to bluntly separate the parenchyma.106 The associated ureter should be cannulated with a size 10 to 15 French polyethylene catheter to ensure patency.
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 Canine nephrotomy incisions are closed by gently pressing the renal halves together with sustained pressure. The renal capsue is closed with 3-0 or 4-0 synthetic absorbable suture placed in a simple continuous pattern.106 Although pyelotomy has been suggested as a reasonable approach to the canine renal pelvis, its small size increases the risk of accidental transection of an interlobar artery. Likewise, the close proximity of the renal artery and veins would make pyelotomy a difficult and risky procedure to perform in equine patients.
 
 Ureterotomy Indications for ureterotomy in the horse are limited principally to obstructive urolithiasis. Presentation of uncomplicated cases of ureteral calculi for surgical treatment is rare. Horses are often chronically affected and have developed some degree of renal pathology. Some horses with sufficient renal mass remain asymptomatic, and the condition is diagnosed as an incidental finding at necropsy. Horses with identifiable ureteral pathology may be explored through a flank laparotomy, or through caudal ventral midline laparotomy in the mare. Exposure is difficult and extremely limited over the caudal course of the ureter. Typically, lesions are located in the proximal third of the ureter. When lesions can be identified and exposed, the ureter is incised proximal to the obstruction, and the contents are evacuated with surgical suction. The urolith is removed and the ureter is closed in a simple-continuous pattern with small-diameter synthetic absorbable sutures. Silastic tubing may be introduced into the ureter as a stent over which the ureteral repair is performed. When direct surgical intervention is not possible, the use of a grasping basket (Dormia Stone Dislodger) can facilitate closed dislodgment of a ureterolith.63 The instrument is introduced into the ureteral orifice by direct insertion in mares or under videoendoscopic control using a perineal urethrotomy in males (see Chapter 66). Guidance by rectal palpation is desirable to manipulate the dislodger into a position proximal to the urolith. The dislodger is subsequently opened and retracted to ensnare the urolith and displace it distad using slow, gentle traction. Repair of ureterorrhexis is approached in similar fashion.48,77,107 In a case report, successful repair of a traumatic ureteral tear in a postpartum mare was accomplished with an indwelling polyethylene tubing stent (outside diameter, 1.90 mm).77 The mare had evidence of uroperitoneum and associated electrolyte abnormalities (hyponatremia and hyperkalemia). A ventral midline celiotomy was used; however, because of the accumulation of urine around the ureter and broad ligament, the rent within the ureter could not be identified for primary repair. The surgery was assisted with the use of videoendoscopy of the urinary bladder. This allowed the surgeon to accurately place the stent within the ureter past the presumptive location of the rent. The stent was checked for urine production and subsequently anchored to the vaginal mucosa and perineal skin and kept in place for 21 days. In other reports neonates developed uroperitoneum secondary to a ureteral defect.48,107 Urine accumulation was also detected in the retroperitneal space. The peritoneum was incised over the swelling and the ureter was exposed. A cystotomy extending from the apex to the neck of the bladder was made. A size 8 French polypropylene catheter was advanced retrograde through the ureteral opening for a short distance and Evans blue dye was injected into the catheter
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 to locate the defect in the ureter. When the defect was located the catheter was advanced proximal to the defect and the rent was closed using 4-0 or 5-0 suture material. Although a few prosthetic constructs are available for use as ureteral stents in human medicine, the optimal size (7 to 9 French in humans) and material have yet to be determined for the horse and will likely not be determined scientifically because of the rarity of the condition.
 
 Neoureterostomy Neoureterostomy techniques are used in the horse to manage ectopic ureters. In human and canine patients, vesicoureteral anastomosis has traditionally been the method of choice for treatment of ectopic ureters and selected cases of ureteral avulsion. Complications with these techniques in equine patients prompted treatment of foals by unilateral nephrectomy, assuming that the contralateral kidney was normal.21,22 Surgical success can be obtained, however, in large horses. The surgical approach is made through a caudoventral midline incision, extended to the pubis for exposure of the bladder. The viscera are packed off craniad in the abdomen, and the ureter is identified as it traverses the dorsolateral bladder. The ectopic ureter can be identified by retrograde catheterization. If the ectopic ureter is in close proximity to the dorsal bladder, a side-to-side or end-to-side extravesicoureteral anastomosis may be performed to create a new ureteral opening along the dorsolateral cranial base of the bladder. The distal ureter is ligated and dissected free unless it is in an intramural location and surgically inaccessible. Alternatively, if the ectopic ureter is not in close proximity to the bladder, the ureter may be ligated distad and neoureterostomy achieved by intravesicular anastomosis (Figure 64-9). Tunneling the ureter creates a functional equivalent of a distal ureteral valve, which reduces the likelihood of vesicoureteral reflux.106 Apposition of the ureteral and vesicular mucosa with 3-0 or 4-0 synthetic absorbable suture material is ideal (Figure 64-10).
 
 Figure 64-9.  Ligatures are placed to secure a ureter (arrow) after translocation to the bladder from an ectopic site. The ureter has been tunneled through the seromuscular layer of the bladder to prevent vesicoureteral reflux. (Courtesy Candace Lundin, DVM.)
 
 Aftercare After all renal surgery, horses should be monitored for adequate water consumption and urine production. The horse should be supported with intravenous fluids. Serum electrolytes and clearance ratios may reveal transient imbalance in electrolyte clearance after nephrectomy, particularly with regard to potassium. Fluid therapy should be adjusted accordingly. Prophylactic antibiotics are indicated during the perioperative period because this renal intervention is a cleancontaminated surgery. When septic conditions are encountered, antibiotic therapy should be directed by the results of intraoperative culture and sensitivity results. Dosages should be adjusted for the reduction in renal mass when nephrotoxic antibiotics must be used. Depending on the drug, serum levels can be monitored for peak and trough levels to minimize the possibility of renal damage.108
 
 Complications The patient should be monitored for the development of pneumothorax during surgical dissection. Although inherently a part of the transthoracic approach, pneumothorax can develop
 
 Figure 64-10.  Endoscopic appearance of the ureterovesicular anastomosis demonstrated in Figure 64-9. The ureteral stoma can be observed on the dorsolateral wall of the bladder (arrow). (Courtesy Candace Lundin, DVM.)
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 when a flank approach using rib resection disrupts the crura of the diaphragm. If this occurs the defect in the diaphragm should be sutured to the adjacent costal musculature to seal the pleural cavity.97 Access to a mechanical ventilator may be required immediately in the event that the pleural space is opened during the flank approach to the kidney. Other complications of renal surgery include postoperative hemorrhage and infection. Management of postoperative hemorrhage is based on prevention through application of meticulous surgical technique for isolation and cautery or ligation of contributing and emerging vessels. Assessment of packed cell volume and coagulation defects is appropriate before undertaking renal biopsy or excisional techniques. Surgical drainage is appropriate whenever diffuse hemorrhage, seroma, or bacterial contamination is anticipated.
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 Bladder Harold C. Schott II and J. Brett Woodie
 
 ANATOMY AND PHYSIOLOGY Harold C. Schott II The bladder is a highly distensible organ capable of holding 4 L or more of urine in a 500-kg horse. When empty, the bladder may lie entirely in the pelvic canal, and when full it drops over the pelvic rim to extend to the level of the umbilicus.1 When the bladder is full, the lateral ligaments are easily palpated on either side of the bladder on rectal examination. Their cranial free edges, remnants of the umbilical arteries, are called the round ligaments of the bladder.2 The bladder is covered with peritoneum cranially at the apex and with adventitial tissue in the remainder of the retroperitoneal space. The bladder wall contains two smooth muscle layers: (1) an outer layer of longitudinal to obliquely arranged muscle fibers and (2) an inner layer of transversely or circularly arranged muscle fibers.2 The outer and inner layers are partly interwoven around the bladder; however, at the dorsal aspect the circular layer becomes external to the longitudinal layer. This anatomical arrangement of muscle fibers has been suggested to allow the bladder to distend to a great extent dorsad as it fills, thereby causing less interference with the intestines. However, it also makes the dorsal wall inherently weak and the likely site of rupture with excessive bladder distention.3 The outer and inner muscle layers are both arranged longitudinally toward the bladder neck and act in concert to close the internal urethral orifice. The musculature of the bladder wall is continuous with an outer longitudinal and an inner circular layer of smooth muscle surrounding the pelvic urethra. Lateral and ventral to the smooth muscle is the striated urethralis muscle. Together these muscles form the urethral sphincter.2 The bladder is lined with transitional epithelium overlying a thick submucosa that allows considerable stretching.1 Sympathetic innervation to the bladder is provided via the hypogastric nerve, with preganglionic fibers arriving from spinal segments L1 to L4 to synapse in the caudal mesenteric ganglion. Postganglionic fibers supply the bladder (β2-adrenergic receptors) and proximal urethra (primarily α1-and some α2-adrenergic receptors).4,5 In addition to adrenergic innervation, the equine bladder is also innervated by cholinergic and peptidergic nerve fibers.6 Parasympathetic innervation originates in the sacral segments of the spinal cord with neurons joining to form the pelvic nerve.4,5 Somatic innervation of the lower urinary tract is primarily to the striated urethralis muscle sphincter via a branch of the pudendal nerve, which originates from the sacral cord segments (S1 to S2).1 The smooth muscle of the bladder, referred to as the detrusor muscle, is innervated by the parasympathetic pelvic nerve and β2-adrenergic postganglionic fibers. The bladder has a filling/storage phase as well as an elimination phase.7 During filling there is an increase in tone of the smooth and striated muscles of the urethral sphincter to maintain continence. Sympathetic nerve activity is dominant during filling/storage and the detrusor muscle relaxes owing to α-receptor–mediated
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 inhibition of pelvic nerve afferents and stimulation of sympathetic β2-receptors in the smooth muscle of the bladder. The latter is a reflex response that involves sensory input from bladder stretch and pressure receptors via afferent pelvic nerve fibers to the sacral cord, interneurons in the cord, and pre- and post-ganglionic sympathetic axons in the hypogastric nerve. Relaxation of this muscle allows accumulation of a large volume of urine with little increase in intravesicular pressure. As detrusor muscle fibers reach their limit of stretch, intravesicular pressure starts to rise, and stretch receptors transmit signals via the pelvic nerve and ascending spinoreticular tracks to the pons, cerebrum, and cerebellum. Bladder fullness is sensed, and signals for voluntary micturition are initiated in the cerebrum, beginning the elimination phase. These signals are transmitted via brainstem upper motor neurons descending in reticulospinal tracts to sacral parasympathetic nuclei, parasympathetic ganglia in the pelvic plexus or bladder wall, and postganglionic fibers, triggering detrusor contraction. Depolarization waves spread throughout the bladder via tight junctions, resulting in a strong, coordinated detrusor contraction. Concurrent inhibition of the pudendal nerve and hypogastric α- and β2-sympathetic activity leads to relaxation of the urethral sphincter and facilitates detrusor muscle contraction and elimination of urine. Micturition ends when detrusor stretch receptors cease firing and pelvic nerve efferent activity stops. At that time, sympathetic nerve and pudendal nerve activity resumes for the next storage/ filling phase.
 
 DISORDERS REQUIRING SURGERY Harold C. Schott II Disorders of the bladder that may require surgery include uroperitoneum, in both foals and adult horses, as well as patent urachus and other neonatal bladder problems. In adult horses, cystolithiasis is the most common surgical disorder of the bladder. Other less common problems that may require surgical intervention include prolapse or eversion and neoplasia.
 
 Uroperitoneum Uroabdomen can develop as a result of leakage from a ureter (see Chapter 64), the bladder, or urachus. Foals In foals, uroperitoneum most commonly develops after bladder rupture during parturition in colts, with prevalence ranging from 0.5% to 2.5%.3,8-10 The commonly accepted explanation is that a high intravesicular pressure that develops during passage through the pelvic canal during parturition, coupled with occlusion of the urethra, leads to bladder rupture in colts that are delivered with a moderately full bladder. However, presence of posterior urethral valves is the most common cause of lower urinary tract obstruction in male infants and can cause bladder rupture, vesiculoureteral reflux, and hydronephrosis, but this 927
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 Figure 65-1.  Longitudinal bladder tear in the dorsal aspect of a 3day-old colt (arrows). This is the typical surgical finding in a foal that develops uroabdomen consequent to bladder rupture sustained during parturition.
 
 problem has not yet been recognized in horses.11 Bladder tears are typically 2 to 5 cm in length on the dorsal surface with margins that are hemorrhagic and edematous (Figure 65-1).3 Surgical exploration also has revealed ventral bladder tears in some foals8,12 or bladder defects that have smooth margins with no evidence of traumatic disruption,8,10,13,14 as well as apparent absence of portions of the bladder.15 Although uncertain, it has been suggested that these latter defects may be developmental anomalies rather than ruptures. Excessive bladder distention or megavesica has also been described in stillborn16 and neonatal foals with abdominal distention with or without bladder rupture.12,17 In utero bladder distention suggests lower tract obstruction, but a definite cause of obstruction was not found in these cases. However, an excessively long umbilical cord (more than 85 cm) may lead to intermittent urachal obstruction,16 but in this instance, urine produced in utero should be able to pass into the amniotic cavity via the urethra. Bladder distention causing abdominal distention can be confused with uroabdomen. For example, an enlarged, flaccid bladder was found in a foal undergoing exploratory celiotomy for suspected uroabdomen. Half of the excessively distended bladder was removed and the foal survived.12 Anomalous fusion of the bladder to the inner umbilical ring, with absence of the urachus, prevented bladder emptying and caused abdominal distention because of megavesica in another report.18 The bladder was separated from the umbilical ring during surgical exploration to restore normal anatomic and functional integrity of the bladder. Abdominal distention has also been described in an older foal with a markedly distended bladder attributed to an adhesion of the bladder to the urachus.19 In a colt seen by me, megavesica with uroabdomen was corrected by surgical removal of a large portion of the bladder, but the foal developed recurrent colic after weaning and a narrowing of the distal small colon was found at necropsy. Thus, megavesica remains a poorly understood condition and, when detected, warrants careful evaluation for other congenital anomalies. Bladder distention is also recognized in foals with perinatal asphyxia syndrome (PAS), especially when recumbent.12,20,21 Ultrasonographic examination may reveal either an enlarged bladder or incomplete bladder emptying, and both sexes appear
 
 to be at similar risk for this problem. Temporary use of an indwelling bladder catheter to keep the bladder empty is useful to decrease the risk of rupture, but ascending urinary tract infection may be a complication. Localized sepsis of the urachus in these patients, as well as foals with septicemia, can lead to urachal urine leakage.12,20,21 Urine may leak into the abdomen, resulting in uroperitoneum, or externally to cause a patent urachus. Urine can also leak into the subcutaneous tissues and produce a plaque of edema (actually urine) extending from the umbilicus.8,12,22 Foals with ruptured bladders sustained during parturition often appear healthy and nurse well for the initial 24 to 48 hours after foaling. Early signs include a decrease in nursing vigor and lethargy followed by progressive abdominal distention and intermittent colic signs.8-10 Some foals repeatedly posture to urinate, but this behavior can be confused with meconium retention. Subtle differences in straining observed with these two problems may be that colts with uroabdomen have a dropped penis and intermittently pass small amounts of urine, whereas foals with meconium impaction often show more vigorous tail elevation and wagging. The rate at which urine accumulates in the abdomen depends on the size of the defect. Clinical signs with smaller tears, usually in the area of the urachus, may not develop until 3 to 7 days of age. Clinicopathologic assessment commonly reveals hyponatremia, hypochloremia, and moderate to marked hyperkalemia along with azotemia.8-10,23,24 These electrolyte alterations may lead to development of fine muscle tremors and neurological deficits.8,25 Uroabdomen can be confirmed by measuring a ratio of peritoneal fluid to serum creatinine more than 2.8-10,23,24 More frequently, uroabdomen becomes highly suspect when a large amount of free abdominal fluid is imaged via transabdominal ultrasonography (Figure 65-2), such that confirmatory peritoneal fluid analysis is not consistently pursued. Because foals with PAS or septicemia are often recumbent, frequency of urination can be difficult to assess, and presence of neurological deficits can be attributed to hypoxic-ischemic encephalopathy or meningitis. Recumbent foals may initially have a dry umbilicus that again starts to leak urine, especially when they are unable to void effectively and have chronic bladder distention. Silent uroabdomen can develop with urachal leakage into the abdomen and may not be detected until abdominal distention becomes apparent. However, this is uncommon because most hospitalized neonates are reassessed once or twice daily with abdominal ultrasonography. As a result, increasing amounts of free peritoneal fluid are often detected before gross abdominal distention develops. In these earlier stages of uroabdomen, alterations in serum electrolyte concentrations and azotemia are less severe, but peritoneal fluid creatinine concentration should still be substantially greater than that of serum.11,20,21 Adult Horses Bladder rupture in adult horses is less common than in foals but has been recognized following parturition23,26-31 and with obstructive problems including urolithiasis32-36 and penile hematoma.37 It has also been observed after blunt abdominal trauma38 as well as after repair of bladder rupture39 or treatment of urachal sepsis as a neonate.40 I also have seen uroabdomen develop following anesthesia for magnetic resonance imaging, and weakness at the bladder apex was a suspected contributing
 
 
 
 CHAPTER 65  Bladder 
 
 UA
 
 Uroperitoneum
 
 A
 
 F BL
 
 F
 
 Bladder
 
 929
 
 SI
 
 F
 
 B
 
 Figure 65-2.  Transabdominal ultrasonographic images at the level of the umbilicus in foals. A, A large amount of free peritoneal fluid is present in moderate to severe uroabdomen; B, Only a modest amount of fluid is visible as would be imaged during the early stages of uroabdomen.
 
 factor. Dystocia or assisted delivery has only been reported in a few mares with postpartum uroabdomen29,30 and the incidence of this complication of parturition was reported to be 1 in 10,000 births in one large broodmare practice.31 Clinicopathologic findings of azotemia and alterations in serum electrolyte concentrations in adult horses with bladder rupture are similar to those found in neonates with uroabdomen. Presurgical Considerations CORRECTION OF HYPERKALEMIA Although surgical correction of a bladder tear or resection of the urachus is the preferred treatment for uroabdomen, patients need to be stabilized medically before they are anesthetized for surgical repair. Two main problems that need to be addressed are (1) hyperkalemia, and (2) abdominal distention with urine. Serum potassium concentration is variable with uroabdomen; therefore measurement of electrolyte concentrations is an essential part of case evaluation.8-10,12,20,21,24 Clinical indicators of significant hyperkalemia ([K+] > 5.5 mEq/L) can include fine muscle tremors or cardiac arrhythmias.8,41 When present, hyperkalemia should be addressed by antagonizing the effects of potassium on excitable membranes, redistributing potassium from extracellular fluid to intracellular fluid, and promoting elimination of potassium from the body.41 Because hyperkalemia raises resting membrane potential, calcium directly and rapidly antagonizes the adverse myocardial effects of hyperkalemia by raising threshold potential, thereby restoring the normal separation between resting membrane potential and threshold potential. In a 50-kg foal with severe hyperkalemia ([K+] > 6.5 mEq/L), 25 or 50 mL of a 23% calcium borogluconate solution can be added to 500 or 1000 mL of 0.9% NaCl, respectively, and infused over 5 to 10 minutes to rapidly antagonize the effects of hyperkalemia. This should be followed by further administration of potassium-free IV fluids (0.9% NaCl) supplemented with 5% to 10% dextrose.
 
 Dextrose administration causes release of insulin that stimulates activation of Na+/K+-ATPase pumps to drive potassium back into cells.41 Dextrose in saline may be all that is needed for treatment of moderate hyperkalemia ([K+] = 5 to 6.5 mEq/L); however, calcium supplementation would be recommended if a cardiac arrhythmia is detected. Of interest, life-threatening cardiac arrhythmias, including ventricular fibrillation, cardiac arrest, third-degree atrioventricular block, and premature ventricular beats, were reported in nine of 22 foals (41%) with uroabdomen in an early retrospective study.8 However, arrhythmias have received much less attention in more recent cases series with no mention in one review of 31 cases20 and description of conduction blocks in only four of 32 foals (12%) in another report.21 Perhaps this can be attributed to earlier diagnosis of uroabdomen, because ultrasonographic examination has become a routine tool in equine practice. The goal of medical stabilization is to decrease [K+] to less than 5.5 mEq/L prior to surgical intervention.8 DRAINING OF THE ABDOMEN Drainage of urine from the abdomen also is essential to decrease pressure on the diaphragm to allow adequate ventilation as well as to remove a large amount of potassium from the body. Drainage is most easily accomplished by inserting a large-bore catheter in the ventral aspect of the abdomen (I prefer a 16 French trocar chest tube). However, urine has also been successfully drained via a large-bore tube passed via the urethra and bladder tear into the abdomen in mares.31 Neonates can be positioned in right lateral recumbency, whereas adult horses are generally drained while standing. In neonates, a stab incision is initially made through the skin and subcutaneous tissue and the chest tube is inserted through the incision, but the tube is used to push the skin about 2 cm to the side before entering the abdomen perpendicularly (not a tunneling procedure). This offsetting of the skin incision and abdominal entry sites limits the risk of omental herniation once the tube is removed. When
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 a large volume of urine is drained (more than 5 L in a foal or more than 50 L in an adult horse), there is a risk of hemodynamic collapse,31 and IV fluids (0.9% NaCl) should be concurrently administered during drainage. Foals that have accumulated a large volume of urine in the abdomen may also develop pleural effusion that can complicate ventilation during surgery.8 Consequently, it is good practice to include an ultrasonographic examination of the thorax at the same time the abdomen is scanned in all cases of uroabdomen. Initiation of broadspectrum antibiotic therapy to limit the risk of septic peritonitis is also indicated because there is an open conduit from the urethra to the peritoneal cavity. Although accumulation of urine in the abdomen has been incriminated in development of chemical peritonitis,42 most nonseptic foals and adult horses that undergo successful surgical repair of the bladder have had favorable long-term outcomes without developing abdominal adhesions. Although surgical correction remains the treatment of choice, conservative medical management using an indwelling catheter to keep the bladder small has been a successful treatment in foals with small tears43 and in an adult horse with uroabdomen in which a distinct bladder tear could not be identified.44
 
 Patent Urachus The urachus is the conduit through which fetal urine passes from the bladder into the allantoic cavity. Normally, the urachus closes at the time of parturition, but incomplete closure is the most common malformation of the equine urinary tract, and a patent urachus occurs more commonly in foals than in other domestic species. Greater than average length or partial torsion of the umbilical cord has been suggested to cause tension on the attachment of the umbilical cord to the body wall. The result can be dilatation of the urachus and subsequent failure to close at birth.16,19,45 Patent urachus results in a persistently moist umbilicus after birth, from which urine may leak as drips or as a stream. It is important to distinguish a simple or congenital patent urachus, considered a malformation, from sepsis of the urachus, which can also result in urine leakage from the umbilicus within a few hours to days after birth (considered an acquired patent urachus). Local sepsis is often accompanied by more severe illness, including septicemia or other sites of localized infection, particularly of the musculoskeletal system (joints), and may lead to uroabdomen (see “Bladder Rupture,” earlier). Simple patent urachus has been treated with frequent (two to four times daily) chemical cauterization of the urachus with swabs dipped in a concentrated phenol or 7% iodine solution or with silver nitrate applicators. Because the urachus closes spontaneously in many cases, and because these agents desiccate and irritate tissue, predisposing to infection, the rationale for this approach has been questioned.45 In fact, in a study investigating the effects of various disinfectant solutions on the bacterial flora of the umbilicus of normal foals, the use of a 7% iodine solution was observed to cause rapid desiccation of the umbilical tissue and subsequent development of a patent urachus when the stump fell off a few days later.46 Consequently, in the absence of apparent infection, no local treatment should be implemented, or it should be limited to a navel dip with 0.5% chlorhexadine solution two to four times a day, but prophylactic antibiotics are commonly administered to affected foals. For acquired patency, likely associated with local infection, broadspectrum antibiotic therapy is indicated and resolution of the
 
 systemic disease may be accompanied by resolution of the umbilical infection and closure of the urachus. Chemical cauterization is contraindicated with local sepsis, as it may increase the risk of urachal rupture and development of uroperitoneum.47 If no decrease in urine leakage is observed after 5 to 7 days of medical therapy or if ultrasonographic examination reveals abnormalities of multiple structures in the umbilicus,48 surgical exploration and resection of the urachus and umbilical vessels may be indicated. In a retrospective study of 16 foals treated for sepsis of umbilical cord remnants, six of nine (67%) survived after surgical resection and antibiotic treatment, whereas only three of seven (33%) survived after antibiotic treatment alone.49 Although this series of 16 foals is often cited in support of surgical intervention, it should be emphasized that this small number of foals were evaluated over a 10-year period (1975 to 1985), during which many aspects of equine neonatal care improved. In a subsequent report of 33 foals with umbilical remnant infections, no difference in survival rate was observed between 23 foals treated with antibiotics in combination with surgical resection or 10 foals treated with antibiotic therapy alone.48 In the latter report, emphasis was placed on the insensitivity of external examination and palpation of the umbilicus in detecting umbilical remnant infection (normal in 17 foals), in comparison to ultrasonographic examination, and a poorer outcome of cases in which the umbilical vein was involved. As supported by the fact that more than half of the foals in both of these studies were treated surgically, it remains most clinicians’ preference to surgically resect infected umbilical remnants, especially with concurrent localized infection of the musculoskeletal system. Although more costly in the short term, surgical treatment allows morerapid resolution of the problem, decreases the risk that uroabdomen may develop, and usually decreases the overall length of antimicrobial therapy.
 
 Urolithiasis Bladder stones are the most common type of equine urolith.50-53 Cystoliths are typically flattened, sphere-shaped stones with a spiculated or smooth surface that cause hematuria, stranguria, pollakiuria, pyuria, or incontinence. In horses there are two basic forms of cystoliths, and both are primarily composed of calcium carbonate crystals.51,53,54 More than 90% are yellowgreen spiculated stones (type 1) that can easily be fragmented (Figure 65-3, A). Less commonly, uroliths are gray-white smooth stones (type II) that are more resistant to fragmentation (Figure 65-3, B). Type II stones often contain phosphate in addition to calcium carbonate. The crystalline composition of normal equine urine sediment and uroliths is similar: calcium carbonate (CaCO3) in the form of calcite (a hexagonal crystal form of CaCO3) is most common, followed by vaterite (a metastable, hexagonal crystal form in which CaCO3 is partially replaced by magnesium or to a lesser extent by manganese, strontium, and sulfur). Other less common components include aragonite (an orthorhombic crystal form of CaCO3), weddellite (calcium oxalate dihydrate), struvite (magnesium ammonium phosphate hexahydrate), hydroxyapatite, and uric acid.53-56 Examination of the cut surface of equine cystoliths by scanning electron microscopy reveals a pattern of irregular concentric bands around a core separated by small spherules of crystalline material, suggesting that calculus growth occurs by accretion of crystals already present in normal equine urine on the surface of the growing urolith (Figure 65-4).54 The gaps between adjacent
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 Figure 65-3.  Equine cystic calculi. A, The more common flattened, sphere-shape type of bladder calculus that is highly spiculated. B, The less-common form of gray, smooth-surfaced calculi that can be more irregular in shape. (A, Courtesy Julie Rossetto, DVM. B, Reproduced from DeBowes RM: Surgical management of urolithiasis, Vet Clin North Am Equine Pract 4:461,1988, with permission.)
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 Figure 65-4.  Scanning election microscopic appearance of the cut surface of equine cystic calculi. A, Lower-power micrograph reveals the intricate pattern of concentric banding around the core (bar = 500 µm); B, Higher-power micrograph reveals the ultrastructural features including bands (1), spherules (2), and primary porosity in black (3) (bar = 50 µm). (Reproduced from Neumann RD, Ruby AL, Ling GV, et al: Ultrastructure and mineral composition of urinary calculi from horses. Am J Vet Res 55:1357, 1994, with permission.)
 
 spherules result in porosity of the urolith and explain why some stones are relatively easy to fragment. The role of urinary tract infection (UTI) in the development of cystolithiasis varies with species. Struvite urolithiasis in humans and dogs appears to be almost exclusively a consequence of UTI, whereas the majority of struvite uroliths in cats and sheep are not associated with infection.57 In 68 horses with urolithiasis, positive urine culture results were found in only 2 of 19 horses in which urine culture was performed; however, culture of material from the center of 30 calculi yielded positive results from 19 stones (63%), and a variety of bacterial species were isolated.52 Only 1 of 28 calculi examined in this study contained struvite. The significance of finding bacteria in the
 
 center of equine calcium carbonate uroliths remains unknown, and culture of an appropriately collected sample of urine is preferred over culture of a calculus.58 The classic presenting complaint for cystolithiasis is hematuria after exercise. An affected male horse may also demonstrate stranguria by repeatedly dropping his penis and posturing to urinate but voiding little or no urine. Although cystoliths are less common in mares, stranguria and incontinence are common presenting complaints. Less-common signs include an irritable attitude, recurrent colic, and loss of condition; one burro presented for recurrent rectal prolapse.59 Diagnosis of a bladder stone is usually made by rectal palpation. It is important to remember that dysuria and pollakiuria frequently result in a
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 small bladder that may be entirely within the pelvic canal. As a consequence, the bladder and disc-shaped cystolith are often best palpated with the hand inserted only wrist deep into the rectum. If the hand is inserted farther forward to search for the bladder in the expected location over the brim of the pelvis, a cystolith can be missed because it may be lying under the wrist or forearm. If the bladder is distended, it may be necessary to drain it by catheterization to feel a suspected stone. Bladder catheterization also allows collection of samples for urinalysis and quantitative culture. Because bladder distention is not the expected finding with cystic calculi, sabulous urolithiasis or accumulation of urine sediment with bladder paresis should be considered with a distended bladder, especially if incontinence is present or urine is easily expressed during rectal palpation.60 Surgical removal is the treatment of choice for equine bladder stones. An early report described excellent long-term results, without recurrence, after cystic calculi were removed by laparocystotomy in four horses.61 In contrast, in a larger case series, clinical signs of urolithiasis recurred in 12 of 29 horses (41%) with an interval between episodes of 1 to 32 months. Recurrence of cystic calculi was also greater after treatment by perineal urethrotomy as compared to laparocystotomy.52 Despite success of dietary management (low protein, phosphorous, and magnesium) for medical dissolution of canine62 and feline63 uroliths, dietary management is unlikely to replace surgical treatment of cystic urolithiasis in horses. This can be attributed to the fact that dietary management for small animals has been directed at struvite urolithiasis, and these stones are not common in horses. Nevertheless, dietary management should not be overlooked following cystolith removal to decrease the risk of recurrence. At a minimum, legume hays and dietary supplements containing calcium should be avoided. Additional recommendations may include addition of salt to the diet to increase water intake and urine output as well as allowing access to grass at pasture. Unfortunately, acidification of equine urine is not easily accomplished and is not a routine postoperative recommendation.
 
 A
 
 B Figure 65-5.  A, An enlarged bladder filled with a sphere of inspissated sabulous urine sediment at postmortem examination. The mass of urine sediment weighed 5 kg. B, The sphere of urine sediment could be cut rather easily with a knife. (Reproduced from Schott HC: Urinary incontinence and sabulous urolithiasis: Chicken or egg? Equine Vet Educ 8:17, 2006, with permission.)
 
 Sabulous Urolithiasis
 
 Bladder Displacement
 
 Another form of equine urolithiasis, termed sabulous urolithiasis, has been described in a limited number of horses.60,64 Sabulous (from the Greek word for sand) urolithiasis refers to the accumulation of large amounts of crystalloid urine sediment in the ventral aspect of the bladder (Figure 65-5). This condition is a secondary problem, consequent to bladder paralysis or other physical or neurologic disorders interfering with complete bladder emptying. Affected horses usually present for evaluation of urinary incontinence or hind limb weakness and ataxia, and accumulation of urine sediment in a distended bladder can be detected during rectal palpation. These cases can be confused with cystolithiasis, but an important difference is that the bladder is usually enlarged compared to a small bladder, which is typical for a cystolith. Careful rectal palpation, usually after catheterization to empty the bladder of urine, usually allows indentation of the sabulous mass with firm digital pressure, differentiating the concretion from a true cystolith. Most important, horses with sabulous urolithiasis are not surgical candidates. Rather, treatment involves repeated bladder lavage and antimicrobial therapy for concurrent UTI, but the condition carries a poor prognosis unless the primary problem resulting in bladder paralysis can be resolved.60,64
 
 Displacement of the urinary bladder is a rare cause of dysuria.65-73 In mares, two types of bladder displacement can occur: (1) extrusion (or eventration) through a tear in the vagina and (2) true prolapse with eversion of the bladder (Figure 65-6). Urethral obstruction may also occur with vaginal or uterine prolapse. In male horses, scrotal herniation of the bladder has been described, but this type of bladder displacement is extremely rare.72 Bladder displacements are typically a consequence of repeated abdominal contractions or straining. Therefore, they are most often associated with parturition and, to a lesser extent, with colic. Perineal lacerations, consequent to trauma or foaling, may lead to extrusion, whereas excessive straining without laceration leads to prolapse with eversion. Because the bladder turns inside out with the latter problem, the diagnosis is established by recognizing the appearance of the bladder mucosa and ureteral openings. Eversion occasionally results in obstruction. Umbilical extrusion or eventration of part of the bladder has also been described in a neonatal filly.73 The problem was suspected to have developed as a consequence of a urachal tear that allowed eversion of the urachus and part of the bladder. Surgical resection of a portion of the bladder corrected the problem.73
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 Figure 65-7.  A, In male horses or foals, the caudal aspect of the cuta-
 
 Figure 65-6.  Everted bladder in a postpartum 4-year-old Standardbred
 
 neous midline incision and subcutaneous dissection is directed abaxially to avoid the prepuce and penis. B, Then the penis and prepuce are retracted laterally so the body wall can be incised on midline.
 
 mare. (Courtesy Warren L. Beard, Manhattan, KS.)
 
 Neoplasia The most common presenting complaint for bladder neoplasia in horses is hematuria; however, straining and urinary obstruction may also occur.74-79 Unlike dogs, in which transitional cell carcinoma is the most commonly described bladder neoplasm, squamous cell carcinoma has been reported most frequently in horses.74,77 Other types of bladder neoplasms affecting horses include transitional cell carcinoma, lymphosarcoma, leiomyosarcoma, rhabdomyosarcoma, and fibromatous polyps. Diagnosis of bladder neoplasia can be established by rectal palpation and ultrasonographic imaging of a bladder mass along with endoscopic examination and biopsy. In some instances, masses can also be seen exiting the urethra and vulva in mares. Treatment has included tumor debulking, partial bladder resection, and intravesicular instillation of 5-fluorouracil, but long-term successes have not been reported. The poor prognosis is likely related to extensive bladder involvement by the time clinical signs are initially noted. Fibroepithelial polyps are another tissue mass that can grow in the bladder or lower urinary tract of the horse. A large polyp mass that developed in the bladder of a pony gelding acted as a ball valve and caused urethral obstruction, bladder distention, and intermittent colic signs.80 I also have seen vaginal polyps in a neonatal mule that caused confusion with bladder prolapse. Careful examination failed to reveal ureteral openings or urine flow from the abnormal tissue, and passage of an endoscope beyond the polyps revealed a normal urethra and bladder. The polyps were excised and the filly grew without further problems.
 
 SURGICAL PROCEDURES J. Brett Woodie
 
 Cystorrhaphy Cystorrhaphy is indicated for disruption of the bladder.12,19,81-84 The anesthetized patient is positioned in dorsal recumbency. An
 
 appropriate-size urinary catheter should be passed through the urethra and secured in the bladder to ensure outflow of urine and to permit intraoperative lavage of the base of the bladder. The prepuce in males is cleansed and closed with sutures or towel clamps to reduce the possibility of incisional contamination. The penis and prepuce can be directed caudad in between the hindlegs so that it is not in the operative field. The abdomen is aseptically prepared for a ventral midline incision. The external umbilicus, if present, should be oversewn with a continuous inverting suture pattern before aseptic preparation of the abdomen. In the adult female patient, the surgeon should make a 15- to 18-cm (6- to 7-inch) midline incision that extends caudad from a point 2 to 5 cm cranial to the umbilicus. In foals, the incision should be directed abaxially to create a fusiform incision around the external umbilicus for removal. In the male patient, the cranial aspect of the incision is identical; however, the skin and subcutaneous layers of the caudal incision should be directed 2 to 4 cm paramedian to the prepuce (Figure 65-7). The prepuce can be mobilized and retracted to expose the posterior midline for deep incision. If the penis and prepuce has been directed caudad, it may not be necessary to direct the incision lateral to the prepuce. After the peritoneal cavity has been entered, peritoneal fluid should be cultured and suctioned. The bladder is exposed by maintaining traction on the urachus, if present (Figure 65-8). Balfour or Finochietto self-retaining retractors may be used to facilitate the abdominal exploration. The bladder and urachus should be inspected to identify the site of rupture. The site of rupture in the foal may be in the urachus as well as the dorsal or ventral aspect of the bladder (Figure 65-9).12 Urachal rupture is often a sequela of urachal infection, especially in septicemic foals (Figure 65-10).12,84 Tears in the ventral aspect of the bladder tend to run longitudinally toward the neck of the bladder. Accessing the full extent of a ventral defect is often not possible.84 If the origin of the uroperitoneum is not evident, the bladder may be distended by retrograde introduction of a sterile solution of fluorescein or methylene blue through the urethral
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 Figure 65-8.  After completing the midline incision and mobilizing the umbilicus and urachal remnant from the abdominal wall, the bladder is exposed by careful traction on the umbilicus. When the bladder is exposed, the tissues are retracted caudad.
 
 Figure 65-11.  Tissues surrounding a tear in the bladder should be excised before primary repair.
 
 Figure 65-9.  The bladder is retroflexed to examine a tear on the dorsocranial border.
 
 Figure 65-12.  A two-layer inverting continuous closure is appropriate for repair of a bladder rupture.
 
 Figure 65-10.  A rupture of the urachus (located at the tip of the hemostatic forceps) is readily apparent on inspection of the cranial bladder.
 
 catheter.12 This method identifies thin areas of the bladder or attenuated areas in the bladder wall that may be leaking, typically on the dorsocranial surface of the bladder. When the tear is identified, the wound margins are excised (Figure 65-11). Culture and histopathologic evaluation of the
 
 débrided margins of the tear in septic foals should be considered.12 The use of stay sutures to support the bladder during primary repair is recommended. Surgical closure of the tear should be accomplished in two layers: an interrupted pattern in the first layer, followed by a continuous inverting pattern (Figure 65-12).83 A double-layer inverting closure is appropriate as well. Small-size (2-0, 3-0) synthetic absorbable suture material on a taper-point atraumatic needle should be used. Care should be taken to avoid suture penetration of the vesicular mucosa, because sutures that penetrate the bladder mucosa perpetuate the formation of cystic calculi in the presence of alkaline urine.85 After repair, the bladder should be carefully distended with sterile saline to evaluate potential leakage along the suture line. In a foal in which the urachus is present, the urachus should be resected, cultured, and removed with the umbilicus after primary repair of the tear. Before abdominal closure, the peritoneal cavity is lavaged with warm sterile saline solution. An indwelling abdominal drain may be placed if septic processes are present or anticipated. Despite the irritative nature of urine, clinically significant peritonitis is rare unless concurrent septic disease processes such as omphalophlebitis or neonatal septicemia are present.12,84 The midline incision is closed with size 1 or 2 synthetic absorbable sutures placed in simple-continuous
 
 fashion. The subcutaneous tissues and skin are closed routinely. In the foal, it is often advisable to perform a cystoplasty as a means to resolve a tear in the urinary bladder. The viability of the tissue adjacent to the defect is often questionable and does not hold sutures very well, making débridement and closure risky for subsuquent leakage. A cystoplasty procedure would be indicated provided it is possible to resect the apex of the bladder to include the defect. Urinary bladder repair in the standing mare can also be accomplished by prolapsing the bladder either through a vaginal incision or urethrotomy and sphincterotomy.30,31 Clinical signs of cystorrhexis are consistent with uroperitoneum, and diagnostic tests should be performed to confirm the presence of a rent. Horses should be stabilized medically and the uroperitoneum should be sterilely drained. Caudal epidural anesthesia is used to desensitize the surgical site. For the vaginal approach, a rigid urinary catheter is placed to identify the location of the urethra and bladder under the vaginal mucosa. A 2-cm incision is made 5 to 10 cm caudal to the cervix. Blunt dissection increases the size of the incision, which facilitates the delivery of the bladder into the vaginal vault. Alternatively, a linear urethrotomy and sphincterotomy can be preformed. A 5-cm incision is made in the urethral sphincter on the dorsal midline. The surgeon places a hand in the bladder and everts the bladder out of the vulva. Care is taken to identify the ureter openings. Rents are closed with a single- or double-layer closure. The bladder is replaced and the vaginal incision or sphincterotomy is closed in a simple-continuous pattern with absorbable 2-0 or 0 suture material.
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 Figure 65-13.  After mobilizing and retracting of an umbilical or urachal abscess, the abdomen should be explored for adhesions or additional foci of abscessation.
 
 Cystoplasty Cystoplasty is the technique of choice for patent or persistent urachus.12,19,81-84 It can also be used for treatment of bladder rupture. The foal should be anesthetized and positioned in dorsal recumbency. A urinary catheter is placed, and the ventral abdomen is prepared and draped as described earlier (see “Cystorrhaphy,” earlier). The external umbilicus should be oversewn with a continuous-inverting suture pattern before aseptic preparation of the abdomen. A fusiform incision is made around the external umbilicus. This incision can be extended craniad or caudad as needed. The incision is continued as described earlier. The umbilicus and urachus are dissected free from the body wall. The umbilical vein is double ligated and resected as far craniad as necessary to remove any portion of abnormal umbilical vein. Occasionally, the midline incision must be extended craniad to permit adequate resection of the umbilical vein. The affected urachus may be thickened and distorted. Adhesions may exist between the urachus or its associated vascular structures and the surrounding viscera.12,84 Care should be taken to identify and transect adhesions that involve the urachus before manipulating the bladder. Exposure of the bladder is achieved by traction on the urachus. Traction should be applied with caution because of the friable nature of the tissue and the possibility of rupture (Figure 65-13). Exposure of the bladder can be improved by extending the ventral midline incision caudad and/or transecting the ventral ligament of the bladder. Sterile moistened laparotomy sponges can be used to pack off intestines and assist in positioning the bladder. Stay sutures are placed at the ventrolateral
 
 Figure 65-14.  Before urachal-umbilical resection, a clamp is applied to prevent spilling urachal contents into the peritoneal cavity. Here, the bladder has been stabilized by stay sutures transfixed as ligatures around the umbilical arteries. The urachus and umbilical tissues are removed by sharp dissection. The bladder is closed by the two-layer inverting continuous suture pattern.
 
 margins of the bladder for additional support and control of the bladder after resection of the urachus. The umbilical arteries should be double ligated with a transfixing suture at the level of urachal resection. An occluding forceps is used to isolate the urachus and apex of the bladder (Figure 65-14). A transverse incision is made across the apex of the bladder to remove the urachus and vesicular apex (see Figure 65-14). The urachus is removed and submitted for culture and sensitivity testing. Traction is applied to the previously positioned stay sutures to elevate the apex of the bladder and to prevent spillage of urine. Suction is used to remove the residual urine or purulent material from the bladder. Closure is accomplished using a two-layer inverting suture pattern with 2-0 or 3-0 synthetic absorbable suture material,
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 taking care not to penetrate the lumen. Alternatively, a simplecontinuous closure of the first layer may be followed by an inverting suture pattern.84 The abdomen is lavaged with warm sterile saline before closure. Unless there has been spillage of exudate into the abdominal cavity, an abdominal drain is not necessary. Broad-spectrum antimicrobial drugs are administered routinely for 3 to 5 days because of the potential for abdominal contamination from urachal bacterial contaminants.
 
 Cystotomy Cystotomy is the surgical treatment of choice for cystic calculi.50,51,81-83,86 Fasting the horse for 24 to 36 hours reduces the volume of ingesta in the gastrointestinal tract, which can be helpful for this procedure. Positioning of the harse and performing the incision is as described earlier. The large superficial caudal epigastric and external pudendal vessels should be avoided when dissecting deep to the prepuce to expose the caudal midline. In mares, the incision is made on the midline from the umbilicus caudad to the prepubic tendon. The bladder is identified by palpation in the pelvic canal. Sustained gentle traction is required to exteriorize the bladder (Figure 65-15).50,51,87 Another method that can be used to facilitate exteriorization of the bladder is allowing the bladder to distend with urine by clamping the urinary catheter while the horse is being prepared for surgery and during the approach to the abdomen. When the surgeon is ready to exteriorize the bladder, the clamp is removed and the bladder is decompressed. The bladder has been stretched by being distended with urine and will be easier to exteriorize. When the bladder is exposed, moistened laparotomy sponges are used to pack off the bowel and elevate the bladder in the surgical field. Large-diameter stay sutures can be positioned at the ventrolateral aspects of the bladder to facilitate control of the cystotomy incision and to reduce urine spillage. A transverse incision is made across the ventral bladder to expose the urolith. Frequently, the urolith is closely adherent to the bladder mucosa, particularly in the case of a type I urolith. The mucosal layer of the bladder must be peeled back from the urolith to permit removal of the calculus (Figure 65-16). The bladder can be lavaged in an effort to remove small fragments of calcular material and blood clots. Irrigation of the bladder by retrograde introduction of sterile saline through the urinary catheter flushes small fragments of
 
 the urolith from the neck of the bladder toward the incision, where they can be evacuated by suction. The cystotomy is sutured with a two-layer closure of synthetic absorbable suture material. Continuous inverting suture patterns such as the Cushing and Lembert patterns are preferred. The sutures should not penetrate the mucosa of the bladder. After closure of the cystotomy, the bladder may be carefully distended with sterile saline to evaluate the closure for leakage. The abdomen is lavaged with sterile balanced saline solution, which is subsequently suctioned off. The midline incision is closed with size 2 or 3 synthetic absorbable suture material in continuous or interrupted fashion. If the caudal limit of the incision was made in a paramedian location, the fascial closure is completed in two layers by suturing the internal and external layers of the rectus abdominis sheath separately. Of the two layers, the external rectus sheath is the more critical to the security of the abdominal closure.83,84,88,89 The subcutaneous tissues and skin are closed in routine fashion.
 
 Parainguinal Approach In an adult horse, access to the bladder can be also achieved through a parainguinal approach. This approach has been described in the male horse but can be used in the female patient as well.90 This approach eliminates the need to reflect the prepuce and reduces the chances of encountering large vessels prior to gaining access to the urinary bladder. The horse is anesthetized and positioned in dorsal recumbency. A urinary catheter should be placed and secured. The inguinal region is clipped and prepared for aseptic surgery. A 12- to 14-cm (5- to 6-inch) skin incision is made parallel and 2-cm axial to the external inguinal ring (see Chapter 34). A combination of sharp and blunt dissection is used to separate the subcutaneous tissues and fat to expose the aponeurosis of the external abdominal oblique muscle. The aponeurosis is sharply incised, parallel to the skin incision for 12 to 14 cm (5 to 6 inches). Retraction is used to gain access to the internal abdominal oblique muscle, which is separated along its fibers. The peritoneum is bluntly entered with the surgeon’s finger. The bladder is identified and
 
 Figure 65-15.  The bladder and urolith are delivered into the surgical
 
 Figure 65-16.  The urolith can be grasped with sponge forceps for
 
 field by gentle, sustained traction.
 
 expedient removal.
 
 exteriorized with steady traction. After the bladder is exteriorized, a moist laparotomy sponge can be wrapped and twisted around the bladder proximal to the urolith. This aids in maintaining exteriorization of the bladder to complete the cystotomy. Following removal of the urolith the bladder is closed in a double layer. Closure of the abdomen is routine, with attention paid to the aponeurosis of the external abdominal oblique muscle. An interrupted cruciate, near-far-far-near, simplecontinuous, or a simple-interrupted pattern using No. 2 synthetic absorbable suture material is appropriate for closure.
 
 Laparoscopic Techniques Laparoscopic techniques have been described for repair of cystorrhexis, persistent urachus, and umbilical infections in the foal.91,92 Preoperative preparation of the patient including appropriate diagnostic examinations and perioperative therapeutics does not differ from those used for foals undergoing open surgical approaches. The foal is anesthetized and positioned in dorsal recumbency with the pelvic limbs elevated. Intermittent positive-pressure ventilation should be available if needed. The ventral abdomen is prepared for aseptic surgery. Because the foal’s body wall is thin, it is recommended that insufflation be done with a teat cannula or veress needle and that lower (1 to 2 L/minute) insufflation rates be used. The abdominal cavity should be insufflated with CO2 to a pressure of 10 mm Hg.92 A 1.5-cm incision is made 5 cm lateral to the ventral midline and 10 to 15 cm cranial to the umbilicus for placement of the laparoscopic cannula. A 30-degree laparoscope is used to explore the abdomen. Additional portals are made 8 to 10 cm lateral and 5 cm cranial to the umbilicus. It is important to avoid damage to the epigastric vessels so that hemorrhage does not obscure visibility.92 Additional information on laparoscopy can be found in Chapter 13. For cystorrhexis, urine accumulation needs to be evacuated prior to insufflation. When the laparoscope is placed, the entire bladder should be inspected. Sectioning of the ventral ligament of the bladder using laparoscopic scissors aids in inspecting the bladder. Two working portals are required to resect the edges of the rent and repair the bladder with absorbable sutures using intracorporeal suturing techniques. It is prudent to carefully test the bladder for leaks before deflating the abdomen. For resection of umbilical remnants, or umbilical remnant infection, the umbilical vein and arteries are isolated with endoscopic scissors and dissected free to facilitate their ligation. A large ligation clip or loop can be used. Several clips may be necessary to ensure proper ligation, especially when structures appear large or pathologically altered. When the umbilical vein and arteries have been transected, a fusiform incision is made around the umbilicus through the body wall under laparoscopic observation. The end of the bladder is exteriorized and resected. A two-layer closure in the bladder is recommended. Closure of the body wall is routine. Closure of the portals is performed with No. 1 absorbable material in a cruciate pattern in the external fascia of the rectus abdominis or linea alba. The subcutaneous tissues are closed in a continuous pattern. The skin can be closed using a monofilament absorbable material in a continuous pattern, or intradermal sutures can complete the procedure. Overall, good visualization with minimal intervention is obtained with laparoscopic techniques. The use of nonabsorbable linear staples for repair of a tear in the bladder
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 is discouraged, because the staples may serve as nidus for urolith formation.91 Laparoscopic techniques for removal of cystic calculi in the adult male horse have also been described.93 The horse is anesthetized, positioned, and prepared as described earlier. The bladder is lavaged and drained until clear saline irrigation solution is obtained. A standard umbilical portal is made after insufflation. Five instrument portals are made to complete the procedure. The instrument portals are in a radiant line centered on the sheath. A laparoscopic electrocautery tip is inserted into the cranial right portal and used to make a cystotomy. A suction lavage cannula will be used when the cystotomy is made. A retrieval bag is also placed in the abdomen and positioned below the bladder. The cystotomy must be just long enough to remove the calculus. A retractable metal loop forceps aids in removing the urolith and placing it into the retrieval bag. Suction is used to remove residual debris. The bladder should be closed in two layers using an intracorporal suturing techinque. A double-layer closure is recommended. The bladder is carefully tested for leaks before deflating the abdomen. The umbilical portal is enlarged to retrieve the calculus within the retrieval bag. The linea alba and portal incisions are closed routinely. Complications of this technique include intraoperative hemorrhage from the instrument portals and obstructed visualization from falciform fat. It should be noted that practice is required to become proficient in using the auto-suturing devices. With proper preparation, cystic calculi can be removed safety and cleanly in the adult male horse.
 
 Lithotripsy Lithotripsy is a means of fragmenting a urinary calculus into smaller pieces so that the fragments can be removed through a smaller lumen or incision. Lithotripsy can be used to remove cystic calculi through the urethra in mares or through a perineal urethrotomy in male horses.50 Manual crushing of the calculus has been associated with a high rate of recurrence of urolithiasis.52 This is most likely because of incomplete fragment removal. Trauma to the urethra is also a potential complication.52 Based on the high rate of recurrence and potential for urethral injury, other means of fragmenting the calculus should be used if possible. Laser lithotripsy is an alternative to manually fragmenting a calculus. A pulsed dye laser with a wavelength of 504 nm and a holmium:YAG laser with a wavelength of 2100 nm have been used to fragment uroliths in equine patients.94,95 The pulsed dye laser causes disruption of the calculus by generating an acoustic wave that is greater than the tensile strength of the crystals in the urolith.94 The holmium:YAG laser uses photothermal and photoacoustic effects to fragment the urolith.95 This procedure is performed by using a flexible endoscope that is passed through a perineal urethrotomy to access the bladder in the male patient or through the urethra in the female. Laser energy is applied to the calculus thorough a quartz fiber that has been passed through the biopsy channel of the endoscope. Laser lithotripsy is not a common modality used in cases of equine urolithiasis because of the limited availability of the pulsed dye laser and the high cost associated with renting the appropriate laser equipment. Other drawbacks include long surgery times and the possibility that the laser will not be able to fragment the urolith.94-96
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 Aftercare Antibiotics are commonly administered after surgery of the bladder. In cases of cystorrhexis or persistent urachus, sepsis represents a risk, so antibiotics are routinely administered to reduce the risk of septic peritonitis and may be continued for several days or weeks postoperatively.12,49,84 In adult patients with urolithiasis, the risk of urine spillage during removal of cystic calculi is considerable.51,88 Antibiotics are continued for only 48 to 72 hours unless clinical signs of infection develop. Postoperative abdominal drainage is indicated if surgical findings suggest the presence of peritonitis or if gross soilage of the peritoneum from an urachal abscess has occurred. Generally, abdominal drainage is not required after cystorrhaphy or cystoplasty. Unless significant spillage with fragments of uroliths has occurred, the need for peritoneal drainage in urolithiasis patients is not necessary. Patients with abdominal drains should remain on prophylactic antibiotic therapy. Typically, patients are administered low doses of nonsteroidal anti-inflammatory drugs to control postoperative and incisional discomfort. Patients recovering from cystorrhaphy and cystoplasty often require intravenous fluids to correct dehydration and acid–base and electrolyte imbalances. All patients should be routinely monitored for urine output after surgery. Foals that are at risk for sepsis or that are subjected to intensive medical care after surgery are candidates for development of gastric ulceration. Appropriate anti-ulcer and gastroprotectant medications should be given in these cases.
 
 Complications Clinically significant complications of bladder surgery are rare. The most acute and striking complication is the development of severe ventricular arrhythmias in the anesthetized foal with uroperitoneum.8,19 Postoperative myositis resulting in death has also been documented.97 Correction of electrolyte and acid-base status before surgery minimizes the risk of developing these problems. In foals, contamination of the peritoneal cavity with urine is common and may result in the development of chemical peritonitis.12 Although most foals with cystorrhexis have a chronic history of uroperitoneum and presumably some degree of chemical peritonitis, the incidence of septic peritonitis is low unless concurrent septic omphalophlebitis or other septic processes are present simultaneously.12,83,84 In one retrospective study of celiotomy for the treatment of uroperitoneum, several foals had positive culture results for Mucor and Candida species.12 All foals with uroperitoneum and concurrent septic disease should be monitored closely for clinical evidence of septicemia or septic arthritis and physitis after surgery. Adhesions have also been reported as a consequence of abdominal surgery in foals for correction of uroperitoneum.12 The development of septic peritonitis can result in an increased incidence of adhesion formation, particularly in the caudal abdomen near the bladder.84 Contamination of the midline incision with urine or bacteria may lead to the formation of incisional edema and infection. In adult male horses operated on for cystic calculi, preputial edema occurs occasionally,51 which is generally responsive to anti-inflammatory agents and local wound therapy. Surgical failures of the cystotomy incision after cystoplasty and
 
 exploratory cystotomy have been reported, but this complication is rare.39,98
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 Urethra Harold C. Schott II and J. Brett Woodie
 
 ANATOMY AND PHYSIOLOGY Harold C. Schott II
 
 Male The urethra is the conduit for urine to exit the body and is about 75 to 90 cm (30 to 35 inches) long in a male horse. The intrapelvic (ampullar) portion of the urethra, 10 to 12 cm (4 to 5 inches) long, widens in an elliptical pattern to a diameter of 5 cm (2 inches) across and 2 to 3 cm (1 to 11 2  inches) from dorsal to ventral.1 A rounded dorsal prominence, the colliculus seminalis, is located a few centimeters (about an inch) caudal to the urethral orifice. It is the site of the paired ejaculatory ducts, which are the common openings of the ductus deferens and ducts of the seminal vesicles. The openings of the prostatic ducts are arranged as two groups of small papillae on either side of the colliculus seminalis. The bulbourethral glands open in paired dorsal rows of 6 to 8 ducts each, 2 to 3 cm (1 to 11 2  inches) farther caudad from the colliculus seminalis (Figure 66-1).2 The smaller openings of the ducts of the lateral urethral glands open at the same level on the lateral aspects of the urethra. The end of the urethra terminates at the glans penis, where a urethral process protrudes 1 to 2 cm (0.3 to 0.6 inches) under the tip of the glans. Above the urethral process is the urethral sinus (sometimes referred to as the diverticulum of the glans), a bilobed, recessed area that can accommodate the finger tip and is the site where the “bean” of smegma accumulates.1 The penis encloses the extrapelvic portion of the urethra and is composed of two vascular, erectile bodies: a larger corpus cavernosum penis (CCP) and smaller corpus spongiosum penis (CSP).1 The CCP forms most of the dorsal aspect of the penis and the CSP forms a vascular tube surrounding the urethra, largely along the ventral aspect of the penis. The CSP is contiguous at its cranial end with the glans penis and forms a slight enlargement, termed the bulb, at the root of the penis at the level of the ischial arch. Except at its origin and end, the urethra is surrounded by a continuous layer of striated muscle outside the erectile tissue. The portion of this muscle covering the intrapelvic urethra (as well as the bulbourethral glands) is the urethralis muscle, and its forcible contraction plays an important role in ejaculation. The bulbospongiosus muscle is a continuation of the urethralis muscle around the CSP surrounding the urethra and extends from the ischial arch to the glans penis. The muscle is thickest at the root of the penis (around the bulb of the CSP) and thins out as it extends to the end of the penis. It acts to empty the penis of blood after ejaculation or after the penis is dropped for urination.1 Several forceful contractions of the bulbospongiosus muscle help expel residual urine from the urethra after urination. Additional information on this subject can be found in Chapter 60.
 
 external opening lies at the anterior end of the vestibule. The urethral muscle surrounds the urethra throughout its length and is contiguous with the constrictor vestibule muscle.
 
 DISORDERS REQUIRING SURGERY Harold C. Schott II Disorders of the equine urinary tract that may require surgery of the urethra include congenital anomalies (rectourethral and rectovaginal fistulas) and acquired disorders. The latter include urolithiasis, soft tissue obstructions (neoplasms or strictures), hematomas, and lacerations. Injuries to the distal penis and urethra are the most common traumatic conditions, especially with breeding accidents in stallions. Geldings and stallions with hematuria and hemospermia as a result of urethral rents are also candidates for surgery, because affected individuals may respond favorably to opening the CSP via a perineal urethrotomy approach.
 
 Rectourethral and Rectovaginal Fistulas During embryonic development, failure of the urorectal fold to completely separate the primitive hindgut from the urogenital sinus results in a rectourethral fistula in a colt or a rectovaginal fistula or a persistent cloaca in a filly.3 These anomalies are rare in horses and, when present, are usually associated with atresia
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 Figure 66-1.  Endoscopic illustration of the intrapelvic portion of the
 
 Mare The urethra is about 5 cm (2 inches) long in the mare and its lumen easily accommodates a finger. However, it can be dilated to several times this size if needed for access to the bladder. The 940
 
 urethra of the male horse showing the dorsal surface at the bottom:  A, Opening to bladder (difficult to see endoscopically). B, Colliculus seminalis. C, Ejaculatory duct (common opening of the ductus deferens and seminal vessicle duct). D, Openings of prostate gland ducts. E, Openings of bulbourethral gland ducts.
 
 ani and other anomalies, including agenesis of the coccygeal vertebrae and tail, scoliosis, adherence of the tail to the anal sphincter area, angular limb deformities, and microphthalmia.4-7 Affected foals are usually presented for atresia ani, although signs of colic and straining may also be observed. Passage of fecal material from the vulva or penis is the sign supporting a fistula. In fillies, rectovaginal fistulas may be detected by digital palpation of the dorsal vestibule and vagina, but in colts a definitive diagnosis usually requires contrast radiographic procedures such as a barium enema or a retrograde urethrogram (Figure 66-2). Surgical correction of atresia ani and fistulas have been performed successfully in several foals, but multiple surgical procedures may be required. Because ascending urinary tract infection (UTI) is common, a sample of urine collected via bladder catheterization (preferably during surgery) should be submitted for bacterial culture. In humans, there is evidence that these anomalies are hereditary; consequently, breeding affected horses is not recommended after surgical correction of the anomalies. A rectourethral fistula resulting in passage of urine from the anus has also been described in a 3-year-old Thoroughbred gelding.8 The fistula in this gelding, which was successfully repaired, was thought to be acquired secondary to trauma or straining because no other developmental problems were detected and the edges of the defect were irregular and inflamed when examined with a speculum inserted into the rectum.8
 
 Urolithiasis Surgery may need to be performed on the urethra to divert urine flow in horses with urethroliths that are causing urethral obstruction or to access the bladder for cystolith removal via a perineal urethrotomy (PU). Obstructive urethrolithiasis leads to bladder distention, frequent posturing to urinate, and renal colic.9-12 It is essentially a male horse problem because mares are generally able to void small stones through the urethra. A persistently dropped penis that may drip urine is also commonly found with obstructive urethrolithiasis. Obstruction can be confirmed by detection of a markedly distended urethra
 
 Figure 66-2.  A positive contrast urethrogram in a 3-day-old burro that presented with atresia ani and intermittent passage of fecal material from the urethra. A catheter was passed via the urethra and contrast agent was injected, resulting in accumulation of a large amount of contrast agent in the rectum and a lesser amount in the intrapelvic portion of the urethra. A small amount of contrast agent can be seen in the urethrorectal fistula (arrow). (From Reed WM, Bayly WM, Sellon DC (eds): Equine Internal Medicine. 3rd Ed. Saunders, St. Louis, 2010.)
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 below the anus (see Figure 63-1) and a large, turgid bladder on rectal palpation. Careful palpation of the urethra at the level of the ischial arch may reveal a firm obstructing urolith, although some stones travel more distally into the penis. In horses that have been obstructed for more than 1 to 2 days, bladder leakage or rupture may occur, leading to abdominal distention from uroabdomen. Affected horses typically have a decreased appetite, a large volume of echolucent free peritoneal fluid on transabdominal ultrasonography, and serum electrolyte concentrations typical for uroabdomen (hyponatremia, hypochloremia, and mild to moderate hyperkalemia). Peritoneal fluid creatinine concentration twofold or greater than serum creatinine concentration confirms uroperitoneum. Obstructive urethrolithiasis is an emergency condition (to prevent bladder rupture) that is generally treated by performing a PU into the distended urethra.9-12 If the offending urolith is at or just beyond the ischial arch, it can often be removed at the time of surgery; however, if it has traveled more distally, removal is more challenging. Urethral distention with hydropulsion through a catheter passed either from the PU site distad or retrograde from the urethral process to the stone (depending on stone location) may be successful in moving the urolith to one of these openings for removal. Urethroliths are composed primarily of calcium carbonate crystals and are characteristically spiculated, allowing them to become embedded in the surrounding urethral mucosa. As a result, the stone may be firmly lodged at the site of obstruction so that hydropulsion and gentle prodding with a catheter tip are unsuccessful in dislodging the stone. In this situation, an alternative is to snare the stone using a device passed through the biopsy channel of an endoscope followed by gentle traction and removal of the stone. When stones cannot be extracted by these methods, endoscopically guided electrohydraulic or laser lithotripsy is another option that can be pursued to fragment the stone.13,14 If lithotripsy is unavailable, a linear incision through the ventral aspect of the penis and urethra overlying the stone may ultimately need to be performed to remove the stone. Depending on the extent of mucosal and submucosal damage, this incision may be closed or left to heal by second intention. Radial extracorporeal shock wave therapy (RSWT), using a device commonly used for therapy of musculoskeletal pro blems (EMS Dolorcast), was reported to successfully fragment obstructive urethroliths in three equids. Using the large-headed probe placed directly on the urethra over the calculus without contact gel, the pressure was set at 2.5 bar, 7 Hz, and 2500 pulses were administered over a 5-minute period. Initially, sandlike sludge was passed out the end of the urethra followed by fragments of the uroliths.15 Although this procedure was performed on two animals postmortem and bladder rupture was not prevented in the single live horse treated, this novel approach warrants consideration if it can be performed in a timely manner shortly after the patient is admitted and the stone is found. When the stone has been removed, a catheter should be placed for 5 to 7 days from the PU site exiting the end of the penis to limit potential development of a urethral stricture. In my experience, second-intention healing of PU incisions typically results in dilation of the urethra above the ischial arch, and urethral strictures are more likely a consequence of the damage and associated inflammation at the site where the urethrolith was lodged (Figure 66-3). Broad-spectrum antibiotics should be administered as long as the catheter remains in place to limit the risk of ascending urinary tract infection, and
 
 942 
 
 SECTION X  URINARY SYSTEM
 
 A
 
 B
 
 Figure 66-3.  Endoscopic images of the urethra revealing distention at the level of the ischial arch (A) and a urethral stricture at the site of a previous obstructing urethrolith (B). Both images were recorded approximately 1 year following the initial examination.
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 Figure 66-4.  Gross pathology photographs of the urinary tract from a 17-year-old Arabian gelding that suffered four bouts of obstructive urethrolithiasis over a 10-year period. The right kidney and ureter were enlarged (A) and the kidney parenchyma had been replaced by an abscess containing multiple nephroliths (B).
 
 anti-inflammatory drugs are indicated for 3 to 5 days. To limit risk of recurrence, avoidance of forage high in calcium (i.e., alfalfa hay) is typically recommended, although it is important to recognize that all forage provides more calcium than a horse’s daily need. Therefore, even when fed grass hay, horses continue to excrete large amounts of calcium carbonate crystals in urine. As described in Chapter 65, use of dietary supplements to acidify equine urine (fewer calcium carbonate crystals form in acidic urine) has not been highly successful. Over the past decades, I have evaluated several horses with recurrent urethral obstruction due to urethrolithiasis.16 Further investigation of these cases using transabdominal ultrasonography, cystoscopy, ureteral catheterization, and nuclear scintigraphy has revealed evidence of unilateral upper urinary tract disease including chronic pyelonephritis (to the point of renal
 
 abscessation) and nephrolithiasis in many of these patients (Figure 66-4). The most consistent abnormal finding in a series of these cases was an abnormal ureteral opening into the bladder detected with cystoscopy.16 When affected horses have normal renal function (after acute obstruction and post-renal failure have resolved), unilateral nephrectomy may be the only curative treatment, although I have followed one gelding with a smoldering left-sided pyelonephritis and nephrolithiasis that did not have further problems for over a decade after two epidoses of obstructive urethrolithiasis. The important point is that obstructive urethrolithiasis may be a sign of upper urinary tract disease in many horses. Why horses with upper urinary tract disease produce smaller stones that may become lodged in the urethra, as compared to horses with primary cystolithiasis that often have much larger stones, is not known. Nevertheless, in
 
 horses that present with obstructive urethrolithiasis, further investigation for upper urinary tract disease, along with culture of urine and the urolith, may be warranted after the obstruction has been relieved.
 
 Soft Tissue Lesions Soft tissue lesions involving the urethra include neoplasms, hematomas, and strictures.17-22 In some parts of the world, parasitic granulomas of the distal urethra also remain a problem.23-25 However, since the development of avermectin anthelmentics, urethral habronemiasis is rarely observed in well-managed horses. Soft tissue lesions more often result in preputial discharge and dysuria and only rarely cause urethral obstruction. Owners may report a malodorous sheath or diversion of the urine stream and may also observe a growth on the penis when it is dropped for urination. Affected animals may also have urine scalding of the inside of their hindlimbs (males) or perineum (females). Neoplasia A recent report of 114 penile and preputial tumors in equids found squamous cell carcinoma (SCC) to be the most common (79%), followed by papilloma (10%) and melanoma (6%).26 Mean age of affected equids was 19.5 years with no apparent breed predilecton. Common presenting complaints included observation of a penile mass (50%) and malodorous purulent or sanguineous preputial discharge (41%); impaired urination was reported in only 22% of affected animals. The glans penis was the most frequently affected site. In an earlier report of 48 cases of SCC, the glans penis was also the most common site (53% of cases) and the urethral process and urethral sinuses were affected in 28% of cases.27 Of interest, 75% of affected equids in this earlier report were ponies. Surgical treatment was pursued in 27 animals but recurrence was reported in 9 (33%).27 In a subsequent report of 45 horses that had surgical resection of penile and preputial SCC, six of 31 (19%) with more than 1 year of follow-up had recurrence, prompting euthanasia in five of these animals.28 In a more-recent report of 77 horses with penile and preputial SCC, treatment included local excision with or without cryotherapy (15%), partial phallectomy (68%), or penile amputation and preputial resection with retroversion of the penis (17%). Again, recurrence rate approached 30% within 18 months of surgery and was associated with histopathologic score (grade 1 to 3) of the SCC.29 Taken collectively, these case series clearly demonstrate that SCC is an aggressive, locally invasive neoplasm that warrants a guarded long-term prognosis at initial diagnosis. Larger tumors, evidence of regional lymph node involvement, and a higher histopathologic grade all warrant a poorer prognosis. Because of these high recurrence rates with surgical resection, concurrent treatment with antineoplastic agents is worthy of consideration. Topical application of 5-fluorouracil at 14-day intervals after surgical resection of penile and vulvar SCC resulted in tumor remission (7 to 52 months of follow-up) in eight horses, and another two horses with small penile lesions were succesfully treated with topical application of 5-fluorouracil alone.30 Similarly, longterm follow up of 573 equids with cutaneous neoplasms treated with a combination of surgical resection and one course of intralesional cisplatin treatment reported a success rate of 88% for SCC, including SCC of the exernal genitalia in 18 males and
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 15 mares.31 SCC lesions of the external genitalia of male and female horses were recently shown to contain DNA of a novel equine papilloma virus (Equus cabillus papilloma virus-2).32 Consequently, development of a vaccine to guard against this locally invasive neoplasm may be on the horizon. Although less common, papillomas (warts) can affect the penis and urethra of younger horses, and melanomas can be problematic in gray horses of all ages.17,26,33 Infiltration and associated inflammation of preputial tissue may make it difficult for the penis to drop for urination. Urine scalding within the prepuce contributes to further inflammation and development of discharge and a strong urine odor. Papillomas are often self-limiting and regress spontaneously within a few months after appearance; however, some transform into SCC and will need specific treatment.33 Melanomas of the prepuce and penis are usually not malignant and are amenable to cryotherapy, surgical removal, or laser ablation.17,33 However, recurrence may also be a problem with this neoplasm. Sarcoids can also affect the external genitalia but are more commonly found on the scrotum and prepuce; the penis is rarely affected.17 Various other neoplasms that may affect the penis and urethra include lymphoma, lipoma, fibroma, basal cell carcinoma, neurofibroma, hemangioma, and adenocarcinoma. For example, a recent report in a mare described a pelvic canal lymphoma that compressed the urethra resulting in dysuria.18 Because approach to treatment of preputial and penile neoplasms varies among hospitals and clinicians, comparing treatment outcomes is difficult. As a concequence, a standardized approach to diagnosis and treatment of these lesions has recently been advanced. This approach combines clinical evaluation, including ultrasonography of regional lymph nodes, with histopathology (including grading of SCC) and is worthy of consideration if treatment outcomes are to be improved in the future.34 Hematoma Penile hematomas are an uncommon problem in horses. The diagnosis is made on the basis of history (trauma) and physical examination findings of an enlarged, painful penile shaft. Ultrasonographic evaluation is useful to document size and the characteristic hypoechoic fluid pockets within the hematoma. The injury may cause deviation of the penile shaft and, when severe, may cause urethral obstruction and bladder rupture.19-21 Trauma to the glans during erection may also cause a rent or rupture of the CSP or CCP into the urethral sinus, leading to penile hemorrhage during breeding.35 Treatment consists of sexual rest and hydrotherapy, although drainage of the hematoma by needle aspiration can hasten recovery.21 Temporary placement of an indwelling bladder catheter may be necessary with large hemotomas that can cause partial or complete urethral obstruction. For more information on this condition, see Chapter 60. Urethral Stricture Blunt or sharp traumatic injury as well as damage to the urethral mucosa from an obstructive urethrolith can lead to stricture formation, especially following circumferential ulceration of the urethral lumen.9,22,36 Presence of a stricture may or may not
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 cause dysuria but likely increases the risk of urethral obstruction. After diagnosis via urethroscopy, phallectomy has been performed, but more recently, laser ablation of the stricture has become the treatment of choice.22,36
 
 Urethrorrhexis Urethrorrhexis, urethral rupture or laceration, is a rare problem in male horses and has not been described in mares, other than iatrogenic sphincterotomy for removal of cystic calculi.10,37 The problem is most commonly traumatic in origin, either from being kicked or some other form of blunt or sharp trauma. The extrapelvic portion of the urethra is particularly vulnerable to injury at the level of the ischial arch, where it is superficial and relatively unprotected. Urethrorrhexis can also be a complication of urethral obstruction with a urolith and in a recent report in a neonatal colt, the problem was speculated to be a consequence of dystocia.38 Accidental transection of the urethra during castration has also been described.39 Diagnosis of urethrorrhexis can be challenging because horses may have marked soft tissue swelling of the perineum, prepuce, penis, and caudoventral abdomen at the time of presentation. A lack of observed urination should increase suscpicion, as should leakage of serosanguineous fluid from the tip of the urethra. At times, urine may also be observed leaking from the wound. If urine is not detected at presentation, another characteristic finding is rapidly progressive swelling as urine continues to be passed into tissue planes, rather than being eliminated from the body. Rectal palpation is often unrewarding because the bladder will not be distended without obstruction and the intrapelvic portion of the urethra is usually intact. When open wounds over the urethra are suspected to communicate with the urethral lumen, retrograde infusion of sterile saline through a catheter placed in the distal urethra may result in saline exiting the wound, confirming urethral disruption. Next, urethral mucosal damage can be directly visualized by urethroscopic examination, but it may be difficult to determine whether or not a full-thickness tear of the urethra has occurred. Ultrasonographic examination often reveals fluid accumulation in tissue planes but, again, it may be difficult to confirm actual urethral disruption with this imaging modality, although
 
 A
 
 retrograde distention of the urethra by saline infusion may be helpful during imaging. Retrograde contrast radiography of the penis may be the most definitive imaging modality and also allows determination of the exact site of urethral disruption. Primary surgical repair of urethrorrhexis is often not possible because urethral margins are irregular and inflamed, unless the disruption was caused by accidental incision. Accordingly, treatment is focused on preventing further tissue damage by urine accumulation (Figure 66-5) by diverting urine flow through a catheter placed into the bladder for 5 to 7 days. Treatment with broad-spectrum antibiotics and anti-inflammatory agents is also indicated to prevent wound sepsis and to limit the risk of a catheter-associated ascending urinary tract infection. Wounds often heal well by second intention, and recovery may be accelerated by partial closure of the urethra.
 
 Hematuria and Hemospermia Hematuria and hemospermia can be caused by the soft tissue and neoplastic lesions discussed earlier as well as disorders of the accessory sex glands, most notably seminal vesiculitis.40-42 The latter problem can be challenging to diagnose because there may be no clinical signs other than discoloration of the ejaculate. Catheterization and collection of fluid from each ejaculatory duct for cytology and bacterial culture is required for definite diagnosis.42 Serosanguineous fluid may also drip from the penis with obstructive urethrolithiasis or urethrorrhexis. Tears or rents in the proximal urethra at the level of the ischial arch are another cause of hematuria in geldings and hemospermia in stallions.43 Affected horses generally void a normal volume of urine that is not discolored. At the end of urination, squirts of bright red blood exit the penis, in association with forceful contractions of the bulbospongiosus muscle to empty the urethra of residual urine and to empty the CSP of blood. Occasionally, a smaller amount of darker blood is passed at the start of urination. The condition does not appear painful or result in pollakiuria or dysuria. In actuality, posturination hemorrhage would be a better descriptor for this condition. Examination of affected horses is generally unremarkable, and laboratory analysis of blood reveals normal renal function
 
 B
 
 Figure 66-5.  Photographs of the front view (A) and hind view (B) of the prepuce and ventral abdomen of a horse with marked tissue inflammation and necrosis several days following urethral disruption and accumulation of urine in tissues of the perineum, prepuce, and ventral abdomen.
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 although mild anemia (packed cell volume 25% to 30%) is an occasional finding. Urine samples collected mid-stream or by bladder catheterization appear grossly normal. Urinalysis may have normal results or there may be an increased number of red blood cells on sediment examination, a finding that would also result in a positive reagent strip result for blood. Bacterial culture of urine yields negative results. Although the pathophysiology of this condition remains unclear, it is likely that the tear or rent develops as a “blowout” of the CSP into the urethral lumen (Figure 66-6). Contraction of the urethralis and bulbospongiosus muscles during ejaculation causes increased pressure in the CSP, which is essentially a closed vascular space during ejaculation. The bulbospongiosus muscle also undergoes a series of contractions to empty the urethra of urine at the end of urination. Hence, the proposed explanation for the bleeding at the end of urination in horses with urethral rents is a sudden decrease in intralumenal urethral pressure after urination while pressure within the CSP remains high.44 When the lesion has developed, it is maintained by repeated bleeding at the end of urination. An early report described this syndrome in four Quarter Horse type horses and attributed the post-urination bleeding to ulcers of the proximal urethra that could be seen via urethroscopy.45 With the introduction of high-resolution videoendoscopic equipment to equine practice, one or more fistulas, rather than ulcers, are typically seen along the dorsocaudal (convex) aspect of the urethra at the level of the ischial arch. Within 1 to 2 weeks after the tear originates (about the time that endoscopy may be pursued), the edges of the urethral mucosal tear have largely healed as one or more fistulas communicating with the vasculature of the CSP (Figure 66-7). External palpation of the urethra in this area is usually unremarkable but can assist in localizing the lesion because external digital palpation can be seen via the endoscope.
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 Figure 66-6.  A cross section of the equine penis at the level of the ischial arch showing two separate vascular structures: A, corpus cavernosum penis; B, urethral lumen; C, corpus spongiosum penis; D, bulbospongiosis muscle.
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 Interestingly, the majority of geldings with proximal urethral tears have been Quarter Horses or Quarter Horse crosses, which have been free of other complaints. The consistent location of the rents suggests that there may be an inherent weakness of the urethral mucosa adjacent to the CSP at the level of the ischial arch. Some affected horses have unusual perineal conformation (see Figure 63-2), but histologic examination of the penis in a group of normal horses could not demonstrate any anatomical reason for the tears to occur at this specific location.44 Because hemorrhage resolves spontaneously in some geldings, no treatment may be initially required. If the problem persists for more than a month or if significant anemia develops (unlikely), a temporary subischial PU approach is made. The incision is extended through the fibrous sheath surrounding the CSP but not into the urethral lumen. The incision creates a “pressure relief valve” or path of lower resistance for blood to exit the CSP after urination. The surgical wound requires a couple of weeks to heal, and moderate hemorrhage from the CSP is apparent for the first few days after surgery. Additional treatment consists of local wound care and prophylactic anti biotic treatment (typically a trimethoprim-sulfonamide combination) for 5 to 7 days. Bleeding should resolve within a week following this procedure.
 
 SURGICAL PROCEDURES J. Brett Woodie
 
 Perineal Urethrotomy Perineal urethrotomy (PU) is performed for temporary urine diversion in male patients with obstructive urinary outflow disease or is used to access the bladder to remove small cystic calculi.9,46-50 In patients requiring chronic urinary diversion, a permanent urethrostomy may be created. It is best to perform a PU or urethrostomy as a standing surgical procedure with the horse sedated and confined in stocks.9,46,50 The horse should be sedated with detomidine hydrochloride or xylazine hydrochloride. Butorphanol tartrate can be used in combination with either of the α2-agonists, if necessary. Epidural anesthesia is used to desensitize the perineal region. The rectum should be evacuated prior to starting the surgical procedure and the tail should be tied overhead to the stocks to support the horse if the patient becomes ataxic. The perineal region should be clipped and prepped for surgery. Local anesthetic can be infused to desenstize the skin and superficial tissues if the epidural is not effective. A bladder catheter should be advanced through the urethra to identify the urethra during surgery. Appropriate illumination of the surgical field will be necessary. A 6- to 8-cm longitudinal midline skin incision is made in the perineum extending from a point 4 to 6 cm ventral to the anus ventrad to just distal to the the ischial arch (Figure 66-8, A).9,46,50 The subcutaneous tissues are divided, and the longitudinal incision is continued deep to divide the paired retractor penis muscles and the bulbospongiosus muscle.49,50 The incision is continued through the CSP that envelops the urethra. The urethra is exposed by retraction of these muscles. The urethra is identified and stabilized by palpation of the urinary catheter (Figure 66-8, B). A longitudinal incision is made along the caudal surface of the urethra, and the mucosa is reflected abaxially. Hemorrhage from the CSP may be copious but subsides spontaneously. It is important that the incision be made
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 Figure 66-7.  Four endoscopic images showing the variable appearance of urethral rents (arrows) causing hematuria at the end of urination in geldings or hemospermia in stallions. A consistent finding is that urethral rents are located along the convex aspect of the urethra at the level of the ischial arch.
 
 on the midline and that multiple planes of dissection are not made through the tissues. Edema will form in the tissues if excessive manipulation is required and this will increase the difficulty of the procedure. Intraluminal obstructions such as uroliths may be manipulated and removed by urinary catheters or forceps inserted through the PU incision.49,50 For temporary diversion of urine, the wound is managed with local care during the process of secondary-intention wound healing (Figure 66-9). A urinary catheter may be placed through the temporary urethrotomy incision and secured with stay sutures after surgery. Typically, a urethrotomy wound heals within 14 to 21 days with minimal complications.50 Hemorrhage may occur from the surgical site at the end of urination for up to 2 weeks. The bulbospongiousus muscle contracts at the end of urination, and this increases the pressure in the CSP, causing hemorrhage. If a permanent urethrostomy is desired, the muscles of the ventral penis are sutured along their cut edges with a continuous suture of 3-0 synthetic absorbable suture
 
 material to control hemorrhage. The urethral mucosa and skin are approximated using interrupted sutures of 2-0 or 3-0 synthetic monofilament absorbable or nonabsorbable suture material (Figure 66-10). Care must be taken to ensure accurate, tensionless apposition of the perineal skin and urethral mucosa.
 
 Distal Urethrotomy A distal urethrotomy may be required to remove an obstruction that can not be resolved using endoscopic techniques. Horses should be anesthetized and positioned in dorsal recumbency. Technically, the surgical procedure is similar to that for a PU. If the lesion is sufficiently distal, a tourniquet may be applied to assist with hemostasis and improve intraoperative visualization. Incisions are made over or slightly proximal to the urethral calculus to permit the insertion of grasping forceps. Placement of a catheter to the level of the obstruction can aid in identification of the urethra. Palpation of the calculus may be possible
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 Figure 66-8.  The urethral incision is performed immediately dorsal to the ischium to decrease the likelihood of postoperative urine scalding in a horse with a perineal urethrotomy. Preoperative placement of a stallion urinary catheter facilitates intraoperative identification and exposure of the urethra.
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 Figure 66-9.  Perineal urethrotomy for temporary urinary diversion will heal by secondary intention with minimal complications.
 
 Figure 66-10.  A, Perineal urethrostomy for chronic urinary diversion to bypass extensive preputial and penile squamous cell carcinoma.  B, Accurate apposition of mucosal and cutaneous layers is essential to minimize postoperative complications.
 
 A
 
 B
 
 depending on its size. Ultrasonography can assist in localizing the obstruction and guide placement of the incision. After removal of the calculus, the incision is closed in anatomic fashion using 3-0 synthetic absorbable suture material. It is important to accurately reconstruct the CSP and bulbospongiosus muscle to reduce the risk for urine leakage and development of cellulitis. Approximation of the retractor penis muscle provides additional security for the closure.
 
 Urethroplasty The patient is sedated, restrained, and prepared for standing surgery as described. General anesthesia will be needed if the urethral injury involves the penis distal to the scrotum. Repair of a urethral laceration is consistent with the repair of any other hollow viscus. Careful attention to wound débridement, lavage, and preservation of intrinsic vascular and neural supply is
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 important. If the urethral laceration is circumferential, an endto-end anastomosis will be required. Small-diameter (3-0) absorbable suture material such as polyglactin 910 (Vicryl, Ethicon) should be used. The use of an intraluminal stent (urinary catheter) for the repair of a lacerated urethra is considered acceptable.51
 
 Aftercare Postoperatively the patient should be monitored to ensure that urination occurs without difficulty. Antibiotics and nonste roidal anti-inflammatory drugs should be administered as required. In cases in which urine escaped into the surrounding tissues, the use of surgical drains is required.39,47 Traditionally, catheters were left in place after primary repair of a traumatized urethra.52 However, the literature is unclear whether prolonged maintenance of an intraurethral catheter prevents or promotes stricture formation. More recently, chronic placement of urinary catheters has been discouraged because of locally increased inflammatory response and subsequent stricture formation.52 Because the value of chronic catheterization is unclear, it is best to remove the catheter as soon as possible.51-53 Postoperative stricture formation may be minimized by limited duration of catheterization, accurate tissue repair, effective hemostasis, and adequate drainage of the periurethral tissues.39,47 Foley catheters may be secured in place with stay sutures during the first 48 to 96 hours. The balloon on the Foley catheter should be distended with saline solution rather than air. Hygiene around the surgical site is imperative. There is a high risk of urine soilage and urine scalding of the hindlimbs and ventral perineum. The urethrotomy and surrounding tissues should be cleaned daily and protective emollients applied. Care should be taken not to disturb the sutures if a urethrostomy procedure was performed. The skin of the ventral perineum, inguinal region, and adductor surfaces of the hindlimbs should be cleansed daily and protective emollients applied.
 
 Complications Mild tenesmus and discomfort are expected after surgery. The effect of urine contamination of tissues is usually minimal unless tissue trauma is advanced or sepsis is present. Antibiotic and anti-inflammatory therapy is appropriate in such cases. Partial dehiscence of urethrostomy incisions occurs infrequently and may be managed with local tissue therapy, débridement, and delayed closure.39,47 Stricture of the urethra is a common postoperative finding8; stricture is most commonly observed in distal urogenital surgeries such as posthioplasty or subtotal phallectomy.23 Surgical procedures involving the distal urethra may require spatulation to reduce the likelihood of stricture formation (see Chapter 60).54 Less commonly, thin veils of urethral mucosa may form in such a fashion as to partially occlude the urethral lumen, requiring further surgical revision.49
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 Radiography Elizabeth A. Ballegeer and Nathan C. Nelson
 
 Radiography remains the most ubiquitous imaging modality available to the equine practitioner. The importance of radiographs in the evaluation of lameness, as well as areas inaccessible to other modalities because of size or positioning issues, must not be trivialized or forgotten in the age of bigger and better diagnostic modalities.
 
 INDICATIONS Indications for radiographic examination are multitudinous. The most common reason to obtain equine radiographs is to examine a particular joint or joints following appropriate localization of lameness. Radiographs are also commonly obtained after trauma to a particular body region is witnessed or suspected. Radiographs may be taken after identifying an area of increased bone production on a nuclear scintigraphic study. A swelling seen on a limb or atypical posture may also indicate an area that is appropriate for radiographic examination to either help determine the possible underlying cause or define bony changes. Draining tracts injected with positive contrast material can help define involved structures that may modify therapy or change prognosis. Serial weight-bearing radiographs evaluate and monitor progression of distal phalangeal rotation and/or distal displacement in horses with laminitis. Ataxic horses may have changes seen on cervical spinal radiographs that can suggest spinal cord compression, warranting a more definitive diagnostic imaging technique, myelography. Thoracic radiography is indicated in cases with respiratory or cardiovascular disease. Abdominal radiographs, though rarely performed in the adult equine patient, may be indicated if sand colic or enteroliths are suspected. Neonates with developmentally atretic or mechanically obstructed intestinal loops are more completely evaluated with abdominal radiographs than adults. Radiographs are also the imaging modality of choice for evaluating placement of surgical fixation devices.
 
 X-RAY PRODUCTION AND EQUIPMENT To better understand the origin of a radiographic image, some underlying principles of x-ray production must be discussed. This begins with the components and function of an x-ray tube. X-rays are produced when high-energy electrons are accelerated through a vacuum-sealed tube and strike a target called an anode. The electrons originate from a small electron cloud 950
 
 surrounding a negative pole (cathode), which is typically a heated tungsten filament (Figure 67-1). The anode is constructed of tungsten alloy to which a positive charge is applied. Because of their negative charge, the accelerating electrons strike the anode, reacting with the nucleus or the shell electrons of the tungsten atoms in the anode. Electromagnetic radiation is released by these interactions, at the wavelength of x-rays (10 to 0.01 nm). The filament length and anode disc angle may vary, altering the focal spot of the exposure. The focal spot is the area of the anode struck by the electrons generated in the cathode. Some x-ray machines allow selection of a larger or smaller focal spot. Smaller focal spots create better detail in an image, but fewer x-rays can be generated, and the radiographic field coverage may be lessened. Larger focal spots allow higher numbers of x-rays to be generated (which is necessary for thicker areas of the body) but sacrifice radiographic image detail. As electrons strike the anode, they rapidly decelerate. The lost kinetic energy of the electron beam generates a large amount of heat, which must be removed from the anode. Various mechanisms of heat dissipation exist. Early anodes were stationary tungsten blocks embedded in better-heat-conducting copper; most modern anodes have an anode shaped as a disc. This disc is connected to an induction motor, which rotates the anode, spreading heat along a larger surface. The tube is also housed in an oil bath, which dissipates the radiated heat from the anode. Smaller x-ray tubes (such as portable or dental units) still have a stationary anode. This limits the maximum tube current and number of x-rays that can be generated. As electrons strike the anode, x-rays are primarily directed at a steep angle away from the anode; however, smaller volumes of x-rays are generated in surrounding directions. The outer layer of the tube housing is lead, which shields the outside environment from stray irradiation produced from the anode. A tube port in this metallic enclosure emits the primary beam in the desired direction. Modifiable ports have movable lead sheets, which collimate the primary beam to a rectangle of variable length and width, though fixed aperture ports are also useful for certain applications, such as dental radiography. A mirror-reflected light within this housing mimics the borders of the primary beam for positioning purposes. The primary beam is also filtered with aluminum, copper, or plastic to remove very-low-energy x-rays that would increase the patient’s radiation exposure but are insufficiently energetic to produce a diagnostic image.
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 Cathode X-rays Filter
 
 Collimator light
 
 Mirror
 
 Adjustable collimator blades
 
 Figure 67-1.  Basic x-ray tube configuration; the drawing is not to scale, and the shapes are not strictly accurate.
 
 The energy of x-rays produced is directly related to the modifiable voltage difference between the cathode and anode. This potential difference is usually between 50 and 120 kilovolts (kVp). kVp determines the peak energy of the electron accelerated from cathode to anode, whose energy is then converted into x-ray production. The x-ray beam contains photons of various energies, the mean of which is between one third and one half of the peak energy. The number of x-rays produced may be increased or decreased by the user depending on imaging needs. A current, measured in milliamperes (mA), is applied through the cathode filament for a selected amount of time, measured in fractions of seconds (s). The product of current and time is mAs and is proportional to the number of x-rays produced. Both kVp and mAs may be modified to alter the final image quality. Increasing the energy (kVp) of an x-ray beam increases image exposure (resulting in a darker radiographic image) and increases tissue interactions of the x-ray beam. This creates more scatter radiation and more shades of gray on the resulting image, which decreases contrast between different types of tissue (Figure 67-2). Conversely, decreasing kVp reduces overall exposure but enhances image contrast. Increasing the amount of x-rays by increasing the current, exposure time, or both (mAs) will make an image much blacker, but with relatively less tissue interactions than increasing kVp. This creates a very-highcontrast or black-and-white image. Scatter radiation is always present, both originating directly from the x-ray tube and produced when the beam interacts with matter. Scatter becomes worse with high-kVp techniques, thicker
 
 body parts secondary to tissue interactions, or larger fields of view from both the tube and tissue interactions. An increasing amount of scatter degrades the image by adding superfluous radiation that is not related to the imaged anatomy. The subject of scatter radiation requires brief discussion of grids. Grids improve image contrast by removing some or most of the scatter radiation before it arrives at the image-recording device. Grids are configurations of lead strips divided by radiolucent separators that block radiation that is not oriented parallel to the primary beam. Grids can be focused, which is more common than parallel. Focused grid lead strips typically converge slightly on the tube side, and diverge slightly on the film side, in relation to the primary beam x-rays. It is important to note that grids must be centered with the primary beam and be used at a particular distance from the tube, or the angulation of the lead strips will remove primary beam as well as scatter, which is referred to as grid cutoff. Grid ratio refers to the ratio between the height of the lead strips and the distance between them. The higher the grid ratio, the better the grid functions, although high grid ratio requires a higher technique to create the same exposure of the image. A grid ratio of at least 8 : 1 for techniques with kVp below 90 and at least 12 : 1 for techniques higher than 90 is recommended.1,2 The grid frequency refers to the number of lead strips per unit length; frequencies above 30 lines/cm is recommended.3 Because grids employ thin linear strips of lead, a normal side effect of use is the appearance of grid lines on the final radiographic image. Typically, grids should be used for body parts that are more than 10 cm (4 inches) thick, because above this thickness,
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 Figure 67-2.  A, The lateromedial radiographic view of the stifle of a 3-year-old Thoroughbred gelding simulating high-mAs, low-kVp technique. Note that though the contrast within the bone is great, allowing visualization of trabecular pattern, the large contrast of the image makes soft tissues less visible; B, The same radiographic view simulating high-kVp technique. Note the large numbers of grays allowing visualization of soft tissues, differentiation from fat, and the relative lack of contrast within bony structures. Note that the relative brightness of the two images is similar.
 
 significant scatter is produced by tissue interactions. In equine radiography, a grid is often a stationary, separate sheet that must be placed directly against the cassette, but it may be incorporated into the cassette itself. Grids are rarely used for imaging equine distal limbs as the body parts are usually less than 10 cm thick and alignment of the grid with the primary x-ray beam is difficult. Separate grids are somewhat fragile; bending or being stepped on damages the lead strips, resulting in visible white defects on the image.
 
 IMAGE PRODUCTION After the x-rays have penetrated the patient, carrying with them the differential attenuation that comprises the diagnostic information of the study, it must be transformed into a visible image. This may be accomplished through analog film-screen combinations or through newer digital radiographic techniques.
 
 Film-Screen Combinations Traditional image formation involves exposing radiographic film to produce an analog picture. The x-ray film is housed within a protective cassette. X-ray film is composed of a plastic base sheet with adherent emulsion on both sides. This emulsion is made of gelatin and contains the silver halide crystals that create the film image. X-ray film is not particularly sensitive to direct x-ray exposure. To counter this problem, intensifying screens are used. Intensifying screens contain a phosphorescent material that creates either visible or ultraviolet light proportional to the energy and number of x-rays that interact with them. The light emitted by the screens is responsible for the vast majority of x-ray film exposure. This light and the film must be wavelength matched for appropriate exposure. The scintillating crystals in screens were originally calcium tungstate, which has low efficiency of light transformation, and has since been replaced with crystals with higher efficiency in the rare earth group of elements (elements 57 through 71 of the periodic table of the elements).
 
 Screens are described in terms of fast or slow intensification factors and have numeric values. Fast systems (600 to 800 speed) create more light because their phosphor layers are thicker and crystals are bigger and thus more sensitive, but this comes at the cost of resolution. These systems are typically used for thicker body parts, proximal to the carpus or tarsus. Slow or detail systems (100 speed) create proportionally less light because of thinner layers with smaller crystals, but they provide much better detail.1,2 These systems are recommended for detail examinations, such as navicular series or distal phalanx. Medium speed systems (400 to 600 speed) are more encompassing for thicker or thinner parts, are more universally used particularly with mobile x-ray units, but may compromise detail in the distal limb. Image resolution is defined as the ability to discern two adjacent structures on an image; this is limited to more than 0.3 mm in high-speed systems but improves to 0.1 mm with slow/detail systems.4 Exposure to light or x-rays reduces some of the silver halide crystals on the film to metallic silver. Not all of the silver is transformed with the light exposure, but it forms small clusters of silver that act as latent image centers, and it catalyzes the reaction to create more metallic silver within the developer. This metallic silver is what creates the blackness on a film. Full processing of a film begins with (1) the developer step, then (2) fixation, which halts the development and hardens the film emulsion, and (3) washing, which removes the undeveloped silver halide from the film, creating the white portions of the image. The last step in the process is (4) drying, which further hardens the emulsion of the film and allows it to be preserved.2 All of these steps have precise time requirements, chemical requirements, and, in the case of development, temperature requirements. Automatic processing manages these parameters provided the processor is functioning properly. More room for error and artifact exists with hand development. Some limitations to film screen systems are inherent to their analog, hard copy acquisition. Radiographic film has a limited
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 D C Figure 67-3.  Radiographic equipment: A, 400-speed film screen equipment with green-based film. B, Computed radiography cassette and imaging plate. C, AFGA computed radiography processor. D, Sound-Eklin Mark IIG direct digital radiography system. Image plate sends the x-ray information transformed into electric signal to a computer for display. (D, Courtesy Sound-Eklin Medical Systems, Inc.)
 
 linear response to radiation, which often leads to over- and underexposed areas on the same film.5 Also, film images cannot be manipulated after exposure. If technique or positioning is incorrect, the study must be performed again, with almost complete duplication of the steps to perform it. The hard copy nature of the film also requires appropriate physical location for storage and physical transportation for another individual to see it. However, benefits include lower initial cost for systems, easy accessibility to previous studies, and usually better quality control on the part of those taking the radiographs.5,6
 
 Computed and Digital Radiography The conversion of x-rays into a visible image may also be completed digitally and viewed on a computer screen. There are multiple ways to achieve this; digital systems are becoming more common in the veterinary medical community and are almost de rigueur in the human medical world, and as they are developed by multiple companies for veterinary applications, they have decreased considerably in price. Again, some
 
 underlying mechanisms must be understood to help practitioners decide which system is desirable for their circumstances and to understand the tradeoffs between the benefits and costs. Figure 67-3 depicts the different image-formation systems. Computed Radiography Computed radiography (CR) applies to systems with photostimulable phosphors (PSP), also known as storage phosphors. It was introduced in the 1980s by Fujifilm Medical Systems.7 The phosphors are usually in the form of barium fluorohalide powders that coat an imaging plate within a light-tight cassette and fluoresce in response to radiation, much as intensifying screens do. However, the image in CR is created through the release of a charge that remains within the phosphors after the initial fluorescence. The imaging plate, placed into an imaging plate reader after exposure and identification, moves from the cassette across a stage with a laser beam, which re-stimulates the phosphor crystals. The crystals then emit visible light that is captured by a photomultiplier tube that transforms the light
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 energy to an electrical signal. This signal is digitized by an analog-to-digital converter (ADC) and stored. This step is necessary to transform data from a voltage change or pulse into numbers a computer may store and understand.8 The imaging plate must then be “erased” by exposure to bright white light to release any residual stored charge, before being returned to the cassette.1,9 Systems may bring the entire cassette into the internal mechanisms of the processor (which may also bring in debris on the surface of the cassette) or just the internal imaging plate. This latent image within the charged crystals is less resilient than that of film-screen systems, and most of it decays within the first hour after exposure.4,10-12 Resolution of a CR system is directly related to the scatter of the laser light when it reads the signal from the crystals, which in turn is related to the thickness of the imaging plate.12 This does not translate into an absolute value similar to film-screen combination, as systems have differing equipment. However, the overall resolution of CR is decreased compared to filmscreen combinations (see Figure 67-4 for comparisons). The largest benefit of CR, when compared to film-screen combinations, resides in the linear response of the PSP crystals to exposure, compared to radiographic film, which allows a greater range in technique, resulting in readable images (also known as exposure lattitude), especially when coupled with the ability to manipulate the brightness and contrast of images after they are obtained.1,5 Indirect and Direct Digital Radiography Indirect and direct DR systems use digital detectors that translate exposure into digital signals along a panel directly exposed to x-rays and thus are termed digital radiography. These systems eliminate the need for a separate image processing unit as used
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 with computed radiography. The difference between indirect and direct DR lies in the presence or lack of an incorporated scintillator, similar to intensifying screens and image plates. Indirect digital radiography (IDR) uses columnar cesium iodide crystals oriented parallel to the primary beam, coupled to a diode layer, which converts light within the differentially stimulated crystals to an electric charge. The charge matrix of the entire array is sensed by an electronic readout system, again converted by an ADC, and stored.10,13,14 The addition of a scintillating layer adds efficiency to the system, increasing the amount of signal detectable from a measureable amount of radiation,13 as well as decreasing the blur of signal laterally within the photoconducting layer, though this is also minimized by positively charging the deep side of the layer, attracting electrons.1 In contrast, direct digital radiography (DDR) omits the scintillation step and uses thin film transistor arrays (TFTs), which directly translate the exposure of an x-ray photoconducting layer (such as amorphous selenium) into a charge, which again undergoes readout, analog-to-digital conversion, and storage.10,13 Both of these digital systems make “real-time” images that are displayed within a matter of seconds,6 unlike CR images, which may take several minutes to be processed. This is a big advantage when retaking radiographs if there are positioning or technique errors. However, digital detectors are expensive, given the number of very small electronic elements that make up a large detector matrix, and are relatively fragile with manipulation. The detectors may be incorporated into positioning tables, or they may be portable and attached to cables. Wireless detector plates are in development, with inherent battery and range challenges. Both IDR and DDR have the similar advantage that CR does over film-screen systems in post-processing manipulation and exposure latitude. Although the spatial resolution of TFT-based (DDR) systems appears better than film-screen combinations or CR, in reality, the resolution of a digital system is limited by the size of the detector elements and the resulting pixel display (a pixel being one two-dimensional area of data in a digital image), as well as the resolution of the screen upon which they are viewed. Therefore, a very small detector size on a digital system requires more pixels than can be displayed on a monitor, and the advantage over the “lower-resolution” systems is lost.1
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 Charged coupled device (CCD) cameras are only mentioned briefly, because they need to be incorporated into a radiographic table and have limited equine application. This system involves a large exposed scintillating layer, which is then minified by an optical lens or fiberoptic coupling devices, a CCD chip that converts the light to electrical charge, and similar analog-todigital conversion and storage. This system produces a “realtime” image but causes loss of photons in the minification process that leads to increased noise in the image10,13 and mild distortion of the image at its edges.6 Despite its shortcomings, this system is much more economical than other digital systems.
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 Figure 67-4.  Relative resolution capabilities between radiograph modalities, represented as the percentage of an object’s contrast recorded by that modality, as a function of size (spatial frequency). Note that discrimination of smaller objects of differing contrast, or increasing spatial frequency, decreases most rapidly with CR system and least rapidly with the DR system. Note this does not take into consideration the resolution of the display system used to view the digital images.  CR, Computed radiography; DR, digital radiography.
 
 Digital System Parameters A number of parameters are available to assess the performance of a digital radiographic unit, and minimum standards have been established. Each digital system has an inherent spatial resolution, usually expressed as line pairs (lp)/mm, which
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 directly measures the ability of a system to measure small details. The American College of Veterinary Radiology (ACVR) has recommended that a minimum standard be 2.5 lp/mm; below this, loss of spatial resolution leads to lack of diagnostic information on an image.15 The American College of Radiology (ACR) has further guidelines for digital systems related to the pixel (length × width of a single element of an image) matrix size. The matrix is the grid of the entire length and width of the image, made of individual pixels. It also has guidelines on the number of gray shades recordable by a device, called bit depth. This refers to a binary code used to record digital information, each digit being a bit. The ACR recommends a minimum of 2 K matrix and 12-bit depth for digital radiography.8
 
 Fluoroscopy Fluoroscopy is an imaging modality that uses x-rays and differential attenuation to produce a real-time image of anatomy. The image intensifier contains the majority of the electronics used to form the fluoroscopic image, and it receives x-rays emitted by a standard x-ray tube. Within the image intensifier, an input fluorescent screen converts x-ray energy to light, which strikes a photocathode; this creates photoelectrons, which are focused and minimized by a lens as they travel to an accelerating anode. As they travel through this thin anode, they then strike an output phosphorescent layer. This light is then usually imaged by a closed-circuit television camera or converted to a digital signal by an ADC, and the information is stored. The entire image intensifier may be replaced with a system analogous to indirect DR, which presents images in real time and records them as such.1,2 The major advantage of fluoroscopy is the ability to watch a dynamic x-ray study in real time. This is essential for the diagnosis of physiological conditions such as dysphagia or airway collapse, and it is a major benefit to watch progress in many contrast studies (see “Image Interpretation,” later). Unfortunately, penetration and resolution are limited with fluoroscopy units; very few products are marketed for equine use. One such product offered by GE Healthcare (Figure 67-5) has a capacity of producing 120 kVp/10 mA exposure for fluoroscopy, but this is maximal exposure and may only be carried on for a limited period of time because of tube heat limits.16
 
 Digital Image Storage and Display A fair amount of hardware and software is needed for the digital imaging modalities described earlier. Not only does each imaging device require its own computer but also this computer may be connected via network to a server/archiving device, as well as a diagnostic workstation computer and monitor. This computer must also have the appropriate imaging software to read the archived images. Together, these components form a picture archive and communication system (PACS). Although larger hospitals have a more complicated PACS that communicates with hospital or radiology information systems and may be connected to the Internet, these are not strictly necessary, and a local area network connecting the imaging modality to a server/archiving device represents a PACS in its simplest form.17 Typically, the data are stored in digital imaging and communication in medicine (DICOM) format.18 It should be noted that using this format is voluntary; however, this allows multiple modalities to be stored and accessed in a similar fashion, as
 
 Figure 67-5.  The large animal fluoroscopy unit from General Electric, at the Michigan State University Teaching Hospital. The x-ray tube is capable of producing high kVp and mA technique and is seen to the left of the stocks; the image intensifier, to the right, captures the x-ray information and is coupled either to a closed circuit video system or digital detection system for real-time display. The work station seen to the left enables the user to see displayed images and capture them as they are taken.
 
 well as data compatibility between multiple vendors and hospitals. File size is directly related to pixel size, which in turn is related to the resolution of an image. The smaller the pixel size, the higher the resolution, the larger the matrix (number of pixels high × number of pixels wide) size, the larger the data file. A typical uncompressed radiographic image is 10 to 12 megabytes in size from a high 2048 × 2048 pixel matrix,8 which can take considerable time to transfer on slower or older networking equipment. The rate at which the network transmits this information is called bandwidth and is an important factor to consider.17 If the network is connected to the Internet, sufficient safety measures to protect security of medical data must be in place, typically in form of a firewall.19 Images may be compressed to save space, though ACR guidelines for these dictate remaining above 20 : 1 ratios to avoid loss of too much diagnostic information.20,21 Interpretation of images in DICOM format is recommended. Other file formats, such as joint photographic experts group (JPEG), should be interpreted with caution. JPEG compression of an image often exceeds the 20 : 1 ratio, resulting in a loss of detail and image contrast. A multitude of options exist for data storage and include a variety of discs, solid-state media, and on-site or off-site servers. Each image that is saved must also be backed up to avoid computer error data loss.22 A full discussion of all of these storage options and computer requirements is beyond the scope of this text but may be found in the referenced articles.17-20,22 Typical transfer of images from a PACS occurs on digital storage media, such as CD-ROMs, DVDs, or USB flash drives. Many DICOM PACS include an abbreviated form of DICOM viewing software when the media are transferred. A printer may also be used with digital setup. Most DICOM systems use expensive laser printers that print onto film analogous to radiographic film, although copies may be provided for clients from a standard paper printer.5 These images are not likely to be of sufficient diagnostic quality for other veterinarians.
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 Each digital image is also only as good as the monitor used to view it. Lower-quality monitors are employed in exam rooms or in the field, where quality control for positioning and exposure is performed, but higher-quality monitors should be used for primary image interpretation. Medical gray-scale monitors typically have increased brightness, finer pixel matrices, better graphics cards, and are calibrated to a standard gray-scale, over standard color monitors. The major disadvantage to a medicalgrade monitor is the significant expense,23 which can often be $7,000 to $10,000. Color monitors have been shown to have similar diagnostic accuracy to gray-scale monitors, but only if magnification, windowing, and leveling are utilized with software,24 which can be time consuming and cumbersome. The poor brightness of standard color monitors, which is up to 20 times less than conventional lightboxes and 2 times less than gray-scale monitors, significantly affects diagnostic accuracy.25-27 A proper darkened environment for interpretation also has considerable effect on length and accuracy of interpretation.28,29 Clinicians should avoid the tendency to interpret images in the field on small monitors attached to portable digital units suitable only to confirm positioning, or in the hallway on monitors meant for client education.
 
 PERFORMING THE EXAMINATION The patient should be properly prepared for an examination with adequate sedation in a quiet environment. Dirt should be removed from the haircoat. This is particularly true with preparation of feet for radiographs. Special care must be taken to remove shoes, nails, and debris within the frog or on the hoof wall, and the foot should be packed with petroleum jelly or Play-Doh to remove confusing superimposed gas opacities. Proper positioning and radiographic technique are the keys to making a radiograph easily interpretable. Standard projections of different body regions are recommended, but special positioning (described later) can be used to highlight a particular area that is normally superimposed over other structures, to visualize fractures tangentially, or to depict soft tissues normally not seen on a radiograph exposed to depict bony structures. Standardized techniques for specific body parts produce consistent results. Each x-ray machine has specific settings that produce the best diagnostic images, and technique charts made specifically for each machine and imaging capture system are strongly recommended. Having stated this, exposure latitude (or overlap of diagnostic images from differing techniques) of CR or DR systems is much greater than for film-screen systems. A guide light within the collimator box displays a light field on the patient that represents the area to be exposed by the primary x-ray beam. Superimposed cross hairs are often present to allow the beam to be centered. The collimator light must be recalibrated at regular intervals to make sure the light and primary beam match each other, because the collimator lead sheets and/or mirror reflecting the light may become malaligned with the x-ray beam. Proper orientation of the x-ray tube to the imaging plate is very important. After the body part being imaged has been centered, the angle of the beam must be carefully observed and adjusted. The tube and x-ray cassette or detector should be parallel to each other, unless a special angled technique is being performed, because this will cause distortion and a lack of tangential imaging of joint spaces. Film focal distance (or distance
 
 from the x-ray tube to the film) should be standardized to create consistent images from each chosen technique, with the part of interest directly adjacent to the film. Magnification techniques, which increase patient film distance are possible, and actually decrease scatter radiation reaching the film that may degrade the image, but cause significant unsharpness, or penumbra, of the image, and will not be discussed further here. Lastly, collimation should be adjusted to exclude any areas outside of the primary area of interest.
 
 Study-Specific Positioning Image projections are named for the path of the x-ray beam. This is confounded by location in the limbs, for which cranial and caudal are used proximal to the carpus and tarsus, but dorsopalmar is used for carpus distally, and dorsoplantar is used for the tarsus distally. Each study should contain at least two orthogonal (90 degrees to each other) projections. This stems from the fact that radiographs are two-dimensional projections of three-dimensional anatomy. To place an object seen on one projection within the third dimension, a second view must be provided. Most commonly, this includes lateromedial and craniocaudal (dorsopalmar or dorsoplantar) projections. This may not always be possible because of anatomical restraints, such as in cervical spine, shoulder, thorax, or abdomen, or it may be performed with great difficulty in an anesthetized horse, such as a ventrodorsal pelvis. Each projection should have a lead marker placed on the cassette. With distal limbs, this marker indicates which limb (right or left) is being imaged. The marker is usually placed laterally (on craniocaudal and oblique projections) or cranially/ dorsally (on lateral projections) with respect to anatomy. Owner’s name; horse’s age, breed, and sex; exam date; and the hospital name should also be identified clearly.3 Although digital procedures allow post-processing additions of positional labels, an integrated label used as the image is exposed prevents confusion in labeling a radiograph during the processing step. Labels are particularly important in the limbs distal to the carpus and tarsus, where anatomic differentiation of the lateral and medial surfaces is difficult or impossible. Many studies require more than two orthogonal projections to provide sufficient information for correct diagnosis. For most studies, this includes oblique projections highlighting the surfaces perpendicular to the path of beam travel. If an angle is included, the degree of angulation refers to the immediately preceding directionality. For example, D45°LPMO means 45% from dorsal toward lateral oblique. See Figure 67-6 for an example of positioning for a dorsolateral, palmaromedial oblique (DLPMO) view of the carpus. Table 67-1 includes standard radiographic projections for different areas of the equine patient. This is not intended to be an exhaustive reference for all projections that may be needed, but it represents a starting point from which to expand. Particular diseases that occur in each of these areas are covered in their respective chapters elsewhere in this text.
 
 Contrast Studies Contrast medium adds additional information to radiographic studies involving physiologic processes, or it highlights abnormal communications with the outside environment or between internal structures.
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 Diagram: X-ray view L
 
 Instructions: X-ray unit position: X-ray beam angle: Panel position:
 
 Dorsal to carpus, 55° lateral from mid-sagittal plane Parallel to ground, centered on carpal joint Against palmar medial aspect of carpus, perpendicular to beam
 
 Carpus DLPMO
 
 Figure 67-6.  Graphic representation of tube and cassette positioning for a carpal 55 degrees dorsolateral palmaromedial oblique (DLPMO) projection. Not represented in this image is a holder for the cassette, preferably a metallic frame either supported by a stand or on a long handle that enables the holder to distance himself or herself from both the primary beam and the horse, which will produce scatter radiation. (Courtesy SoundEklin Medical Systems, Inc.)
 
 TABLE 67-1.  Standard Projections Imaged Part
 
 Projections
 
 Additional
 
 Considerations
 
 Distal phalanx/ P3
 
 1) Lateromedial 2) Proximal 60° dorsopalmar 3) Flexed proximal 60° D45°MPLO and D45°LPMO
 
 1) Horizontal dorsopalmar 2) Lateromedial with markers placed along dorsal hoof wall or coronary band
 
 Coffin/DIP joint
 
 See above
 
 Alternate to flexed oblique: proximal 45° D45°LPMO and D45°MPLO
 
 Foot placed on radiolucent block, hoof cleaned and packed to remove air from frog, proximal 60-degree views may be taken in upright block (navicular block) See above
 
 Navicular/distal sesamoid
 
 1) Lateromedial 2) Proximal 65° dorsopalmar 3) Flexed 45-70° (to cassette) palmaroproximal palmarodistal (skyline) 1) Lateromedial 2) Proximal 30° dorsopalmar See above,
 
 Pastern/PIP joint Fetlock/MCP joint
 
 3) Proximal 20° D45°LPMO and D45°MPLO Cannon/MCII, III, IV
 
 1) Lateromedial 2) Dorsopalmar 3) D45°LPMO and D45°MPLO
 
 See above; skyline view must be as flexed as possible
 
 Proximal 30°, D45°LPMO and D45°MPLO 1) Flexed lateromedial, 2) Flexed D45°LPMO and D45°MPLO 3) Flexed dorsoproximal to dorsodistal (skyline) Special angled obliques to highlight a certain surface of MCIII Continued
 
 TABLE 67-1.  Standard Projections—cont'd Imaged Part
 
 Projections
 
 Additional
 
 Considerations
 
 Knee/carpus
 
 1) Lateromedial 2) Dorsopalmar 3) D45°LPMO and D45°MPLO
 
 Very straight dorsopalmar must be obtained for angular limb deformity
 
 Hock/tarsus
 
 1) Lateromedial 2) Dorsopalmar 3) D35°LPMO and P35°LDMO
 
 Stifle
 
 1) Lateromedial 2) Caudolateral 45-60°craniomedial oblique 1) Mediolateral 2) Craniocaudal 1) Mediolateral 2) Cranial 45° medial caudolateral oblique Lateral centered on areas in succession
 
 1) Flexed lateromedial 2) Flexed dorsoproximal to dorsodistal (skyline): 35° distal row of carpal bones, 55° proximal row, and 85° distal radius 1) Flexed lateromedial 2) Flexed 65° proximal palmaroproximal palmarodistal (skyline) Flexed proximal 60-70° dorsoproximal dorsodistal (patellar skyline)
 
 Elbow Shoulder Spine
 
 Lateral oblique views only if fracture suspected
 
 Pelvis
 
 Ventrodorsal; if standing, 10-25° caudal
 
 Lateral in foals, Miniature Horses only
 
 Skull/teeth/ nasal/sinuses
 
 1) Lateral 2) Dorsoventral 3) Dorsal (maxilla) or ventral (mandible) 30° lateral obliques
 
 Thorax
 
 1) Intraoral dorsoventral (maxilla) or ventrodorsal (mandible) 2) Lateral 45° ventral 30° rostrolateral caudomedial oblique for temporomandibular joint40 Ventrodorsal view in foals only
 
 Lateral views centered: 1) Cranioventral 2) Caudoventral 3) Caudodorsal (usually × 2) 4) If needed, craniodorsal Lateral views centered at periphery of abdomen, also centrally if a foal Metacarpophalangeal joint: • Proximal 15° dorsopalmar • D30°LPMO • D30°MPLO • Lateromedial (flexed) Metatarsophalangeal joint: • Proximal 15° dorsoplantar • Proximal 15° D30°LPMO • Proximal 15° D30°MPLO • Lateromedial Carpus: • D35°LPMO • D25°MPLO • Lateromedial (flexed) Tarsus: • D65°MPLO • D10°LPMO • Lateromedial Stifle: • Mediolateral • Caudal 20° lateral craniomedial oblique
 
 Abdomen Pre-purchase exam (AAEP and Keeneland Association41)
 
 Tube placed plantar is often safer than DMPLO Sometimes difficult to position lateromedial, good sedation and effort necessary to place cassette Leg extended to pull away from the thorax/other limb Leg extended to pull away from the thorax/other shoulder Lead markers placed on skin can assist in identifying vertebral number Recumbent in anesthetized horses; if standing, heavily sedated with as much abduction of pelvic limbs as possible Intraoral views require excellent mouth gag/sedation
 
 Penetration centrally only in foals, periphery of abdomen in adults
 
 AAEP, American Association of Equine Practitioners; DIP, distal interphalangeal; DMPLO, dorsomedial-palmarolateral oblique; LDMO, lateral dorsomedial oblique; LPMO, lateral palmaromedial oblique; MC, metacarpal; MPLO, medial palmarolateral oblique; PIP, proximal interphalangeal.
 
 Three types of contrast agents are used. The simplest of these is gas, also called negative contrast medium, consisting of either room air or a specific gas such as carbon dioxide, which is added to spaces to separate them from the soft tissues around them. Carbon dioxide in particular, is used for a negative contrast study when wall integrity of a structure is questionable; its high solubility in the blood stream avoids rare air emboli complications from the high, insoluble nitrogen content of room air. Negative contrast studies involve intubation of the structure in question with insufflation with the desired gas, but they are rarely used in equine patients. The two other types of contrast are considered types of positive contrast, meaning they appear as areas of increased opacity on radiographs. The first is barium sulfate suspension, used in gastrointestinal studies. This is usually prepared as a weight-pervolume (w/v) measurement of a certain gram weight of barium sulfate added to a volume of water. For example, a 60% w/v solution of barium sulfate is 60 g of barium sulfate with enough water added to make a total volume of 100 mL. Commercially prepared suspensions come in this fluid viscosity of 60% to 70% w/v, a more concentrated form as barium paste (typically 70% to 100% w/v), creams with even higher concentration, or tablets. Typically, the 60% suspension is appropriate for esophagram studies. For foals undergoing gastrointestinal contrast study, a full gastric volume of this concentration creates a large enough opacity to be overwhelming, and the suspension should be diluted. Concentration may also be represented as a weightper-weight (w/w) suspension in which a weight of barium is added to a weight of water to obtain a predetermined total weight (e.g., a 20% w/w solution of barium sulfate would be 20 g of barium added to 80 g of water). See Table 67-2 for typical volumes and concentrations for contrast studies. Each of these studies should have survey films of the area of interest taken before administration of contrast medium for comparison. Barium sulfate should never be used in areas outside of the gastrointestinal tract. Although it is inert, it causes large fibrotic and granulomatous reactions when it enters body cavities or is injected into fistulas. Its inertness, however, is an advantage when barium is accidentally aspirated into the airways.30 Barium bronchograms were obtained for diagnostic studies, although they are performed less frequently now. With appropriate treatment for pneumonia, the barium is taken up by macrophages and eventually lymph nodes, which will remain radiopaque.30,31 The second type of positive radiographic contrast is iodinated contrast, used for the majority of intravenous, fistulogram, arthrogram, or myelogram studies. The contrast medium is provided either in ionic or non-ionic form. The ionic form of contrast dissociates into two osmotically active particles, one iodinated benzene ring anion and the second a cation, either sodium or meglumine, whereas the non-ionic form does not. Most forms of both types are hypertonic to blood, but the ionic form is much more so (approximately seven to eight times the osmolarity of blood). Because of the hypertonicity and dissociation to two charged particles of the ionic form, severe side effects secondary to their use may be seen. Most especially, seizures and death may occur when even a small amount is used in the central nervous system (as with myelograms); seizures are still reported with non-ionic forms in myelograms but are usually focal or self-limiting. Ionic iodinated contrast medium may result in severe pulmonary edema and possibly death when
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 aspirated into the alveolar space, and cardiovascular shock when used intravenously in severely dehydrated patients. Intravenous side effects are less pertinent for equine patients than small animals but should be noted if used in foals. The ionic forms, however, are much cheaper than the non-ionic forms, and are safe for use in areas in which fluid influx or efflux is not a life-threatening issue, such as arthrograms or fistulograms, or in properly hydrated foals for intravenous studies. Other notable side effects that occur in other species but have not been reported in horses are acute renal toxicity or hypersensitivity reactions to intravenous contrast.30
 
 Radiation Safety The easiest way to decrease human handler radiation dose is to distance the handler from the animal and radiograph being taken. This is related to the inverse squares law, which states that dose received by an individual is inversely proportional to the square of the distance from the source. In other words, if a person doubles their distance from the tube, the dose they receive is four times less than the original dose; triple the distance, nine times less dose.32 Human dose may also be reduced through passive patient restraint with sedation, stocks and restraint, and devices for holding cassettes or image panels while humans are in another room. If a human is in the same room as the animal, proper dosimeter monitoring must be worn. Lead aprons, thyroid shields, and gloves decrease scatter doses, but do not protect handlers from radiation from the primary beam or block all of the scattered radiation. Gloves containing a 0.5-mm lead equivalent only block 88% of 75 kVp technique and only 75% of 100 kVp technique from the primary beam.33 Aprons containing a 0.25-mm lead equivalent attenuate only 90% of scatter radiation for tube voltages less than 100 kVp. The shielding efficiency increases to 99% with 0.5-mm thickness.1 Film badges monitor whole-body, thyroid, or gonadal doses of radiation and should be worn outside of protective lead gear. Distal limbs are among the least radiosensitive tissues, and are monitored separately with ring badges, but dose over time can add up quickly with repeated exposures, and effects, including carcinogenesis, often have a very delayed time to onset.32 Collimation is another easy way to decrease exposure. Not only does proper collimation decrease the dose to the patient, it reduces scatter radiation produced by tissues outside the area of interest and dose to the handlers. This is particularly relevant with high-radiation techniques used for very thick body parts such as the thorax, abdomen, or pelvis, but it can also occur with stifle or cervical spine radiographs. Scatter significantly degrades the image and adds to human doses. Cavalier treatment of radiation safety is a potentially dangerous practice to undertake; we urge each individual involved in taking radiographs to take avid interest in decreasing their own and their patients’ exposure.
 
 IMAGE INTERPRETATION Initial evaluation of a radiographic image should focus on technical issues. It should be determined if the image is centered on the area of interest, whether it is exposed properly, and whether projections taken are sufficient for diagnosis or if more-specific projections are needed. Image interpretation should proceed in
 
 Chronic epiphora, orbital trauma, chronic nonresponsive conjunctivitis, proptosis of third eyelid Swelling or tubular structure suspected associated with salivary system, abnormal ptyalism or discharge localized to a single salivary duct
 
 Draining tract, suspected sequestrum
 
 Lameness isolated to a joint with suspected cartilage or soft tissue abnormalities, foot lameness (navicular bursography), tendon effusion
 
 Laminitis, lameness isolated to the foot, trauma with suspected vascular disruption to foot
 
 Suspected ectopic ureters, suspected uroretroperitoneum or peritoneum, renal azotemia
 
 Dacryocystorhinography42
 
 Fistulography43
 
 Arthrography/ bursography/ tenography43-45
 
 Selective angiography46-49
 
 Excretory urography (foal only)50
 
 Sialography30
 
 Suspected rectal stricture, sectional hypoplasia, or mass
 
 Dysphagia; regurgitation; suspected esophageal foreign body, stricture, or diverticulum; recurrent aspiration pneumonia Lack of defecation, suspected intestinal obstruction, suspected gastric ulceration
 
 Indications
 
 Barium colonogram (foal only)30
 
 Upper gastrointestinal (foal only)30
 
 Esophagraphy
 
 30
 
 Study Performed
 
 TABLE 67-2.  Contrast Study Parameters
 
 Nondiluted ionic or non-ionic iodinated contrast, volume is study specific, injected until contrast begins to leak around catheter or sufficient back pressure Nondiluted non-ionic iodinated contrast for bursa or tendon sheath, diluted 1 : 1 with saline for arthrogram, volume is joint or bursa specific; distend the structure in question until slightly distended and mild back pressure is felt Nondiluted (for radiography) non-ionic iodinated contrast injected into specified artery or vein (see right), continuous infusion with pressure injector or single 20 mL injection, 1 : 1 diluted for CT 880 mg I/kg of ionic or non-ionic iodinated contrast given intravenously as a rapid bolus; this should not be done in dehydrated patients, and may cause contrastinduced nephrotoxicity
 
 Barium sulfate suspension 60% w/v, orally, volume dependent upon patient swallowing; not to be used if esophageal perforation is suspected, use ionic iodinated contrast 5 mL/kg 30% w/v barium sulfate suspension through nasogastric tube; not to be used if gastrointestinal perforation is suspected, use iodinated contrast (ionic form not recommended if patient is dehydrated) 20% w/v barium sulfate suspension, volume is patient specific but should begin at approximately 5-10 mL/kg; not to be used if rectal perforation is suspected Nondiluted ionic or non-ionic iodinated contrast, approximately 5 mL per injection, or until contrast is seen at the medial canthus of eye Nondiluted ionic or non-ionic iodinated contrast, 20 mL/kg, or until sufficient back pressure is felt or contrast leaks around catheter
 
 Contrast and Dose
 
 Limb must be clipped and aseptically prepped, ensure placement in the proper cavity by aspirating joint or bursal fluid or taking a scout radiograph after small amount of contrast injection, better filling of joints obtained if joint is put through range of motion after injection Performed under general anesthesia or heavy sedation with local nerve block, selective common digital artery or medial or lateral palmar digital vein infusion for laminitis, and medial palmar artery infusion reported for CT For ectopic ureters, prep bladder with pneumocystogram through urethral catheter, take films at time of injection, 5 min, 15 min, and 30 min post injection, more films may be required if poor renal function
 
 Catheterize nasal puncta, take film as injecting the contrast (or duct may not be uniformly filled), nasolacrimal duct better resolved with CT, but large abnormalities can be seen on radiographs Catheterize the salivary duct of interest, preferably watched as injected with fluoroscopy, but orthogonal views taken after injection are an alternative, films repeated if complete filling is not seen, iatrogenic rupture of duct and/or salivary gland are a potential complication Catheterize fistula with Foley if cavity underneath is large enough (to prevent external leakage of contrast), red rubber tube, or intravenous catheter
 
 Clean rectum of as much feces as possible, administer contrast through rubber tube with catheter tip or largest Foley available (up to 26 F available)
 
 4-12 h fast prep, (4 h if TIMP-2
 
 Neutrophil collagenase* Collagenase 3*‡
 
 MMP-8 MMP-13†
 
 Collagens II and X (not IX and XI), denatured type II, aggrecan, link protein Collagen II, aggrecan, link protein Collagens II, IV, IX, X; aggrecan; fibronectin
 
 MMP-3† MMP-10
 
 Aggrecan, fibronectin; denatured collagen II Collagens IV, IX, X, XI; procollagens; link protein; decorin; elastin; laminin and the function of stromelysin 1
 
 TIMP-1 > TIMP-2 TIMP-3
 
 Gelatinase A (72 kD)*
 
 MMP-2†
 
 TIMP-2 > TIMP-1
 
 Gelatinase B (92 kD)*
 
 MMP-9†
 
 Denatured collagen II, collagens X and XI, elastin Aggrecan, fibroconectin, collagens IX and XI, procollagens, link protein, decorin, elastin
 
 COLLAGENASES
 
 STROMELYSINS Stromelysin 1* Stromelysin 2*
 
 GELATINASES
 
 TIMP-1, TIMP-2 TIMP-3
 
 —
 
 *Expressed by chondrocytes. All are expressed in synovium. † MMPs characterized in the horse. ‡ MMP-13 expression is relatively weak in equine system. TIMP, Tissue inhibitor of metalloproteinase.
 
 aggressive in type II collagen degradation, cleaving it 10 times faster than MMP-1. Also found in higher concentrations in diseased cartilage of horses and humans, MMP-13 synthesis is upregulated by interleukin-1 (IL-1) and tumor necrosis factor (TNF), key enzymes at the top of the articular cartilage catabolic pathway.46,49 Stromelysins have been studied most notably for their ability to break down proteoglycans, but partially degraded collagen and other minor cartilage proteins can be substrates. Much of the credit for breaking down aggrecan in osteoarthritic cartilage has recently been given to members in the ADAM family of enzymes, specifically aggrecanases.43 It is currently thought that aggrecanases play a pivotal role in proteoglycan depletion in diseased cartilage. The gelatinases also have a diverse range of substrates, including partially degraded collagens and elastins.8 Cytokines Historically, the term cytokine denoted small regulatory proteins that were associated with catabolic pathways. More recently, the term has been broadened and is now considered to define catabolic, modulatory, and anabolic proteins that are produced by one cell while acting on another. Cytokine pathways are relatively complex, and more in-depth knowledge of these pathways, as well as their interactions with other molecules, is being published. These mediators play a pivotal role in the metabolism of the synovial membrane and articular cartilage in health and disease. Most notable of the catabolic cytokines are IL-1 and TNF-α, which can be secreted from chondrocytes and synoviocytes. Both have been demonstrated to be upregulated beyond a normal level in osteoarthritis, promoting production of MMP, nitric oxide, and prostaglandin E2 (PGE2), as well as inhibiting aggrecan and type II collagen synthesis.8 Although IL-1 and TNF-α have relatively similar actions, it is thought that IL-1 is the most important of the proinflammatory cytokines.50 In vitro, the two molecules do appear to potentiate each other, and
 
 TNF-α has been shown to stimulate IL-1 activity.51 In addition to having these effects, IL-1 has been shown to inhibit the production of natural antiarthritic molecules such as the MMP inhibitors (tissue inhibitor of matrix metalloproteinase, or TIMP) and interleukin-1 receptor antagonist (IL-1Ra), which utimately potentiates the catabolic cascade. The modulatory or regulatory cytokines, such as IL-4, IL-10, and IL-13, have actions that balance or modulate the proinflammatory cytokines, namely IL-1 and TNF-α. They have been shown to inhibit the synthesis of IL-1 as well as to promote the synthesis of the natural inhibitors, specifically the TIMPs and IL-1Ra. IL-6 has a mixed mode of action that includes magnifying the effects of IL-1 while promoting synthesis of the TIMPs.52 Cytokines that promote the anabolic cascade of cartilage metabolism, such as insulin-like growth factor (IGF) and transforming growth factor (TGF), play a role in osteoarthritis. These molecules have been shown to promote chondrocyte production of matrix molecules such as proteoglycans and type II collagen. Thus anabolic cytokines can be helpful in reparative attempts in diseased joints. The use of anabolic cytokines in treatment protocols of osteoarthritis is an area of current research.53,54 Although not classified as cytokines, levels of nitric oxide (as well as other oxygen-derived free radicals) and prostaglandins are increased in joints with osteoarthritis. Free radicals play a role in the degradation of hyaluronan and collagen. Cells have been shown to produce nitric oxide in response to IL-1, and its production has been related to inhibition of chondrocyte anabolic activities. Association with activation of MMPs and the reduction in the natural inhibitors has also been observed with nitric oxide, although this molecule’s specific role in osteoarthritis is still somewhat controversial.55,56 Also associated with decrease in anabolic synthesis is the E series of prostaglandins. PGE2 has been shown to be increased in the synovial fluid of horses with osteoarthritis and has been correlated with both synovitis and clinical lameness as well as being produced after stimulation with IL-1 and TNF-α in vitro.8
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 Natural Inhibitors of MMPs and Cytokines The biological response to IL-1 and TNF-α occurs after the molecules bind to a specific receptor. Both molecules have at least one mechanism by which their activity is blocked by a natural inhibitor. One example of a natural inhibitor of IL-1 is IL-1Ra, which has affinity for the IL-1 receptor, but when it binds to the receptor, it does not elicit a biological response, and thus it acts as a natural inhibitor of IL-1. In the case of TNF-α, the membranebound receptors can be secreted or solubilized (in this form, there is no way to signal a biological response once they are bound to TNF-α). They maintain the affinity for the TNF-α molecule and, in thus binding the molecule, prevent it from binding a membrane bound receptor. Numerous in vitro and in vivo studies have been carried out using natural inhibitors of the cytokines with very promising results (see Chapter 79).57,58 Like the cytokines, natural inhibitors of the MMPs also exist, termed TIMPs. Four different TIMPs have been described, three of which (TIMP-1, TIMP-2, and TIMP-3) are thought to be active in inhibiting joint-related functions. Synthesized by numerous cells that include chondrocytes and synoviocytes, these inhibitors bind one-to-one with MMPs to form an inactive complex.59,60 Believed to play an important role in the normal regulatory mechanism of the joint environment, these inhibitors have been shown to be present in abnormal levels in human osteoarthritic cartilage.61,62 Therapeutic intervention using TIMPs has not appeared to advance as rapidly as cytokine inhibitor therapy, which may suggest a less-global role in osteoarthritis, although more research is needed.63 In summary, a vast number of mediators are involved in joint metabolism in both health and disease. This chapter has only outlined the major molecules and the current level of understanding. Given the discovery of new mediators and common pathways, substantial changes in our understanding of osteoarthritis should be expected in the next decade. Additional information on this subject can be found in Chapter 79.
 
 Clinical Manifestations of Osteoarthritis Sources of Pain Joint-related problems account for the greatest single economic loss to the horse industry, much of which can be related to osteoarthritic pain. Although the articular cartilage is devoid of innervation, the surrounding tissues are rich in unmyelinated C fibers. The capsule, synovium, tendons, ligaments, periosteum, and bone have all been defined as sources of pain in osteoarthritis cases. Sensory nerves are known to respond both to mechanical stimuli, such as stretching, and to chemical mediators. Mediators such as kinins and the neuropeptides (e.g., substance P) have been shown to stimulate pain fibers directly. These mediators, along with others, such as PGE2 and IL-1, sensitize fibers to be more reactive after mechanical stimulation. Upregulation of pain receptors and involvement of the central nervous system (i.e., the spinal nerves) has also been demonstrated in osteoarthritis.64 Elevated levels of substance P have been observed in both equine and human patients with osteoarthritis, and they can stimulate monocytes to release other proinflammatory cytokines such as IL-1 and TNF-α.65-67 In both horses and humans, correlation between clinical signs and disease severity is poor. In humans, there is an increased chance of reporting pain with increasing radiographic changes consistent with osteoarthritis, but a significant number
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 of people report pain despite normal radiographs, and many individuals with unequivocal knee osteoarthritis deny having pain. Similar parallels can be drawn from equine patients, although anatomic location in both horses and humans appears to play a part in the correlation between clinical pain and the objective parameters. One explanation for the lack of association between pain and structural damage is the lack of sensitivity of outcome parameters, such as radiographs. Many of the soft tissue structures responsible for the pain, such as joint capsule, ligaments, and menisci, are poorly imaged using radiographs. In fact, the importance of soft tissue in joint health is underscored by the fact that quadriceps weakness is a risk factor for human knee osteoarthritis. Multiple studies have shown that strengthening exercises are an effective method of reducing pain and improving function in people with osteoarthritis.68-70 It is also believed that the periosteum and bone can play a significant role in osteoarthritic pain. People report focal pain in the area of osteophyte growth, and it is believed that growth of the osteophyte may result in elevation and stretching of the richly innervated periosteum.64 In some cases, the subchondral bone plate appears to be a source of pain, although not all horses with subchondral cystic lesions demonstrate clinical lameness.71 Increases in intraosseous pressure have been demonstrated in osteoarthritis, and there is evidence to link this with pain in people, especially following reduction of symptoms after cortical fenestration.64 Similar mechanisms have been proposed for horses, and decompression of cystic lesions has led to improved lameness scores. Clinical Parameters An increase in synovial fluid or synovial pressure is a common finding, especially in joints with excessive joint distention. Thought to be initiated by inflammatory events occurring in the joint, synovial effusion is in part a result of increased vascular permeability (ingress) and a decrease in lymphatic drainage (egress). This net increase in fluid results in an abnormal use of the joint for both mechanical and pain-related reasons. If not controlled, the inflammatory process may lead to changes in the synovium and the joint capsule, which are often observed as a decreased range of motion. Although an increase in synovial fluid can be solely responsible for decreases in range  of motion, edema and a decreased pain threshold most likely also contribute. More chronic changes, such as fibrosis in the synovial membrane and joint capsule, can also be observed histologically. Changes in the content of the synovial fluid are also observed in most cases of osteoarthritis, and reduction in viscosity is one of the oldest measures of a diseased joint. An evaluator can roughly determine viscosity by handling a tenacious string of synovial fluid between his or her fingers. The loss in viscosity is typically attributed to a decease in hyaluronan concentration as well as to depolymerization or shortening of the molecule.72 The large variation in scientific methods and the time-consuming nature of measuring synovial fluid viscosity often make this measurement clinically impractical. The addition of acetic acid leading to precipitation of mucin or a “mucin clot” is a quick and easier but less-specific or sensitive way to measure synovial fluid quality. This, in combination with gross observation of the synovial fluid, which is usually pale yellow to clear and free of flocculent material, has been used in the field to assess quality. In a laboratory setting, the determination of synovial fluid total
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 protein is often useful in relation to the degree of synovitis and also has been correlated to articular cartilage damage arthroscopically.73 Cytologic examination of the synovial fluid also is routinely performed in the laboratory. Although synovial fluid total protein and cytology is not diagnostically very specific or sensitive, it can be useful in some cases, especially those with extreme values (Table 78-2). More-sophisticated methods of measuring cartilage-specific (aggrecan and type II collagen) synthetic and degradation molecules for use on synovial fluid and serum of horses with osteoarthritis involve biomarkers. These biomarkers show promise in early detection and staging of equine joint disease, although more clinical research is needed.33,73 As previously mentioned, the usefulness of radiographs is somewhat limited in osteoarthritis, but, because of their ease, they have historically been a method for evaluating joint disease. Although often not correlated to the severity of clinical signs, periarticular enthesiophytes, joint-space narrowing, subchondral bone sclerosis or lysis, and the presence of osteochondral fragments are typical features that can be present radiographically in an osteoarthritic joint (Table 78-3). Other imaging modalities such as ultrasonography, computed tomography (CT), and magnetic resonance imaging (MRI) have more recently gained acceptance in veterinary  medicine. The ability of ultrasonography to image soft tissues, including articular cartilage, makes it an especially useful adjunctive diagnostic tool in osteoarthritis. The level of sophistication and general knowledge in equine ultrasonographic joint anatomy has greatly increased in the last decade, making joint ultrasonography a standard tool.74 Likewise, with increased knowledge of normal anatomy and increased availability of equine-dedicated MRI units, this modality will surely gain greater acceptance. The use of MRI in the human orthopedic field is commonplace, largely because of the ability to image all of the joint tissues in a three-dimensional space.
 
 Cartilage Repair An observation made in 1743 that “cartilage once destroyed never heals” is still accurate today.75 Modern nomenclature defines healing as the restoration of structural and functional integrity, whereas regeneration suggests the tissue will be identical to that of the original. Repair, on the other hand, has a more limited meaning and suggests that cells and tissue structures replace the damaged tissue, but that the tissue does not necessarily return to its original structure or function. The degree of damage to normal articular cartilage is typically described by the dimensions of the lesion and its depth into the tissue; both of these factors, as well as anatomic location and weight-bearing, play a significant role in the degree of healing and return to normal function. It is important to note discrepancies in the cartilage repair literature regarding the definition of full-thickness defects. This term has been used by some to describe lesions including only the noncalcified cartilage (superficial, intermediate, and deep, but not the calcified cartilage layers) all the way to lesions that extend past the subchondral bone plate. Until recently the true depth was known only if histologic confirmation was performed. However, after studies using arthroscopic visualization of experimental cartilage defects were correlated directly to histologic sections, some degree of confidence about the depth of defects can be made. Today, most authors use “full-thickness
 
 Figure 78-15.  A 15-mm-diameter full-thickness articular cartilage defect on the medial trochlea of the femur depicted through an arthrotomy.
 
 articular cartilage defects” to describe a lesion through the calcified cartilage layer but not involving the subchondral bone plate (Figure 78-15). It is believed that full-thickness defects greater than 3 to 5 mm2 in surface area have a poor capacity for repair. In general, defects of this size range are difficult to identify grossly 1 year after they are created, whereas larger defects show good initial healing but degenerate within a year’s time.76,77 Partial-thickness defects are believed to have some minor capacity for healing, but typically they appear neither to be progressive nor to compromise joint function, and they are therefore not the focus of most cartilage repair procedures. Clinically, partial-thickness lesions are débrided of any surface fibrillation without débriding deeper. This is because currently used cartilage-repair processes do not provide a repair tissue that is clearly better than the tissue in a partial-thickness defect. Historically, two different repair mechanisms are described for articular cartilage: intrinsic and extrinsic. Intrinsic, as the name implies, occurs from within the cartilage. Thus intrinsic repair relies on the limited capacity of the chondrocytes to divide and repair the damage. A type of intrinsic repair termed matrix flow describes healing lesions that have chondrocytes and surrounding matrix that appear to flow from the peripheral cartilage edges into the defect in an attempt to fill the lesion. Small defects appear to repair via this process. Extrinsic repair derives cells and other factors contributing to the repair process from sources other than the chondrocytes. One example is repair following surgical perforation of the subchondral bone plate, which is believed to allow stem or progenitor cells as well as growth factors access to the defect, thus enhancing the repair of large defects, which would otherwise exhibit poor healing.19 The currently accepted method of subchondral perforation is called subchondral bone microfracture. Contrary to historic beliefs, mounting evidence suggests that progenitor cells may exist in the surface layer of articular cartilage, thereby challenging the distinction of intrinsic and extrinsic healing, although it is still accepted that large lesions most likely derive most of
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