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 Preface
 
 This textbook—which describes the entirety of MRI in a single volume—is now a more than fifteen-year-old tradition. First published in German in 1992, it was updated every five years to keep up with the rapid advancement of the technology and clinical applications of MR tomography. Because it covered its subject in great breadth and detail, it became one of the most popular textbooks on MR tomography in German-speaking parts of the world. Each subsequent edition not only summarized well-established facts about MR tomography for practical application, but also discussed new procedures and insights acquired during the years since the previous edition. The present, 4th edition maintains this tradition—only it does so in the English language. Today, experts in science and medicine are distributed throughout the world, and English is gaining acceptance as the “lingua franca” of these fields. The idea of publishing the book in English was discussed multiple times over the years and was actively supported by Springer as represented by Dr. Ute Heilmann. Our goal was not simply to produce an English translation of a German book, but to produce a volume geared to the interests of an international community. We could not have reached this goal without the collaboration of Dr. Hedvig Hricak, who
 
 
 
 agreed to come on board as an editor from an Englishspeaking country. Dr. Hricak introduced new ideas and topics, recruited additional authors who are experts in their fields of study, and with her enthusiasm and persistence substantially enriched and advanced this project. We are now extremely pleased to be able to present this English-language volume covering all aspects of MR imaging. We hope that this book, like the German editions preceding it, will become a daily companion and adviser to medical students, practicing radiologists and other physicians, and that it will give them an even stronger sense of the vast potential of MR imaging as it is being developed around the world. We want to take this opportunity to thank the authors, who generously contributed their knowledge and insights to this book. Special thanks go to Ms. Ada Muellner for her language editing. Finally, we are grateful to Springer Publishing—and particularly Dr. Ute Heilmann and Ms. Wilma McHugh—for supporting this project. Maximilian F. Reiser Wolfhard Semmler Hedvig Hricak
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 Chapter 1
 
 Introduction W. Semmler, M. Reiser, and H. Hricak
 
 Although the principle of nuclear magnetic resonance was discovered in 1946 and then used intensively in physics and chemistry, magnetic resonance imaging (MRI) did not emerge until the 1970s. The advent of MRI was as important as the discovery of X-ray beams or the development of X-ray computed tomography. From the very beginning, the technical development of MRI progressed quickly, and it seems to be continuing at an ever-increasing pace. Interest in MRI has been especially strong because of its ability to show not only anatomy but also metabolism and function. As a result, over the last 25 years there has been an explosion in the number of clinical applications of MRI. Initially, MRI was mostly applied to solve special clinical problems related to the central nervous system. Today, however, MRI is the method of choice with numerous diseases. The uses of MRI range from early diagnosis to treatment planning and follow-up. MRI systems are increasingly used in early stages of disease, and in many cases, MRI has become the only diagnostic test applied. The chapters in this book were written by a multitude of international experts who are experienced in their scientific fields and whose outstanding work has contributed to progress in the development and clinical application of MRI. The book provides a comprehensive overview of both the physics and the clinical applications of MRI, including practical guidelines for imaging. The authors try to define the importance of MRI in the diagnosis of several disease groups in comparison or in
 
 1 
 
 combination with other methods. Chapters dealing with basic principles of MRI, MR spectroscopy (MRS), interventional MRI, and functional MRI (fMRI) as well as the application of MRI in radiotherapy treatment planning (RTP) illustrate the broad range of applications for MR systems. Both standard and cutting-edge applications of MR systems are included. Furthermore, chapters on molecular imaging and nanotechnology give glimpses into the future of the field and outline the potential role of MRI in molecular medicine. This book is intended for a wide audience, including radiologists in general practice, those who specialize in MRI, physicists, and clinicians in other fields. Its clear explanations of the basic science of MR should prove helpful to students preparing for examinations. Moreover, as an in-depth and wide-ranging reference source, it should be of service to residents, young physicians just starting out, and even experienced physicians. To help the reader use the book effectively, the authors were asked to apply the same structure to each chapter wherever possible. As a result, the reader can always look in the same place for statements concerning, for example, examination technique, normal and pathological findings, and the effectiveness of the method. We would like to thank the authors for their contributions to this book and for making their knowledge available to all those who are interested in the optimized use of MRI.
 
 Chapter 2
 
 Basics of Magnetic Resonance Imaging and Magnetic Resonance Spectroscopy
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 2.1  Overview In this chapter, the basic principles of magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) (Sects. 2.2, 2.3, and 2.4), the technical components of the MRI scanner (Sect. 2.5), and the basics of contrast agents and the application thereof (Sect. 2.6) are described. Furthermore, flow phenomena and MR angiography (Sect. 2.7) as well as diffusion and tensor imaging (Sect. 2.7) are elucidated. The basic physical principles of the nuclear magnetic resonance (NMR in medical literature: magnetic resonance [MR]) can be understood in depth and in detail based on quantum mechanics. In Sect. 2.2, however, another description is attempted that is almost physically exact and uses only a few simple arguments of quantum mechanics. In turn, the presentation will be more complex, but still can be understood with only basic knowledge in physics. For this reason, this synopsis should precede the detailed description in the following sections to guide the reader.
 
 MR examinations are possible if atomic nuclei of tissue of interest possess a nuclear magnetic moment µ. Atomic nuclei with odd numbers of nucleons (here: protons, neutrons) do possess such magnetic moments. The nucleus of the hydrogen atom consisting of only one proton is the simplest atomic nucleus with an odd number of nucleons and thus has the biggest magnetic moment of all nuclei. Its natural abundance of almost 100% and its ubiquitous occurrence and the high mobility of water protons in living matter are further prepositions for using low-sensitivity NMR method for imaging in human subjects. This low sensitivity compared with other imaging methods—e.g., positron emission tomography—cannot be emphasized enough. The sensitivity difference of this both methods is several orders of magnitude (~105–106). This fact has to be taken into account when magnetic resonance imaging is envisioned for specific probe imaging, nowadays known as molecular imaging. In spite of the abovementioned low sensitivity of MR, proton imaging is possible in humans because of the high magnetic moment, ~ 100% abundance, high concentra-
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 tion, and high mobility of protons in tissue. The following consideration will be restricted to the hydrogen nuclei only. The basis of the magnetic resonance imaging is a simple resonance phenomenon. In a magnetic field, free environmental magnetic moments of a specimen are not oriented at all; however, in an external magnetic field the magnetic moments are no longer randomly oriented. The application of an external magnetic field B0 forces the magnetic moments µ to align along the magnetic field. Due to basic physics principles, the orientation has two quantum states with respect to the external magnetic field: first the parallel, and second the antiparallel state, both of which have different magnetic energies Em, and its energy difference being ∆Em = γ · ħ · B0, and γ, ħ being the gyromagnetic ratio and Planck’s constant, respectively. In thermal equilibrium, both states possess different occupation numbers, with the low-energy parallel state having higher probability of occupation than does the low-energy antiparallel state, resulting in a macroscopic and therefore measurable net magnetization parallel to the orientation of the external magnetic field. This thermal equilibrium state can be distorted by irradiation with alternating electromagnetic field having a radiation energy ERF identically to the energy-splitting ∆Em caused by the magnetic field, and the radiation energy being ERF = ħ · ω0, and ω0 being the resonance frequency of the spin system—the so-called Larmor frequency. Due to the resonant irradiation, the spin system takes up additional energy that can be dissipated only if the system is coupled to its microenvironment. This coupling strength is described by the so-called T1 relaxation time (also known as longitudinal or spin-lattice relaxation time). An equivalent for the coupling of the spins to each other is the T2 relaxation time (also known as transversal or spin-spin relaxation time). For tissues, typical T1 relaxation times for tissues are between 100 and 2,000 ms and T2 relaxation times between 10 and 1,000 ms. MR imaging utilizing pulsed NMR—this means the alternating electromagnetic field, the so-called radiofrequency (RF) field—is applied only for a short period of time (in general, pulses are some milliseconds). The short RF pulse excites the spin system via a transmitter coil. After irradiation of the nuclear spin system, a receiver coil can detect a damped time-dependent signal with a frequency of ω0. This signal is called the free induction decay (FID). The damping of the signal is ruled by the T2 relaxation times, and the period by the strength of the external magnetic field (constant magnetic moment assumed). In practical terms, not only does the T2 relaxation time influence the damping of the signal, but also the technically related inhomogeneity of the external magnetic field. The signal damping caused by the inhomogeneity is called T2* relaxation time, and is in general much stronger than that caused by T2 relaxation times. Only special pulse sequences (e.g., spin-echo sequences)
 
 can eliminate the influence of the inhomogeneity of the external magnetic field and thus allow the measurement of the T2 relaxation times specific to the substance/tissue. The influence of T2 relaxation times is mainly limited to the amplitude of the signal. Preposition for the image reconstruction (Sect. 2.3) is the exact information about the MR signal’s origin. This spatial information can be generated by space-dependent magnetic fields additionally applied along the three space coordinates. These space-dependent magnetic fields— called magnetic field gradients—are small as compared with the main external field and are generated by special coils mounted in the bore of the magnet. Due to these additional magnetic field gradients, the total magnetic field is slightly different in each volume element (voxel) and in turn, so is the resonance frequency of the spin system in each voxel. As a result, irradiation with a RF pulse of defined frequency ω′ excites only those nuclei in such voxels where the Larmor frequency ω0 given by the field strength matches the resonance condition. Suitable changes of the field gradients allow moving a volume element in space, fulfilling this condition. Keeping in mind that the signal intensity of a volume element is given by the number of the spins in the volume element, the relaxation times of the tissue and the specific measurement parameters (e.g., pulse repetition time, echo time etc.), this signal intensity is assigned to the corresponding picture element (pixel). In this manner, the region of interest can be sampled by moving the volume element through space, and successively, an image with respect to pixels can be constructed. This method requires a long time to acquire images, assuming every experiment needs about 1 s to measure a voxel and a pixel, respectively. Thus, the measurement of an image 128 × 128 pixels will require more than 16,000 s to complete. Nowadays, 2D-, 3D-, and/or phase encoding methods as well as half-Fourier methods are applied, allowing data acquisition times of minutes or even less. Special fast imaging techniques (e.g., FLASH, RARE, EPI sequences) allow further reduction of the acquisition time (cf. Sect. 2.4). In contrast to X-ray computed tomography, where the attenuation is governed purely by the electron density, as mentioned above, in MRI the signal intensity is a complex function of the proton density and the T1, T2, and T2* relaxation times. Additionally, the signal intensity—and hence the image contrast—can be influenced by the measurement parameters (e.g., echo time, repetition time) set at the scanner. The knowledge of these interrelations of the different parameters influencing the signal intensity and hence the image contrast is mandatory in interpreting MR images correctly. The MR scanner is a complex system (Sect. 2.5). Its main components are the magnet, the RF system, and the gradient coils. The entire system is controlled and supervised by a computer. The development of MR imaging was only possible after the development of Fourier trans-
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 form NMR as well as fast computers calculating fast Fourier transformations within minutes. The development of large-bore superconducting magnets of ≥ 0.3–1.5 T in the 1980s accelerated the development and the application of MRI in clinical practice. Nowadays, 3-T scanners are in routine clinical use. Scanners with ≥ 7 T are installed and will further accelerate the development of MRI and MRS. Most of the magnets are made of solenoid coils. Other magnet types, like scanners with Helmholtz coils configuration, give better access to the patients; however, are installed mostly for special purposes, e.g., in an operation suite. MR scanners with conventional resistivity magnets and fields smaller than 0.5 T are rarely used, except in countries with short supplies of helium or other restrictions that may not allow installation of a superconducting system. The risk of side effects is assumed low if the magnetic fields are ≤ 1.5 T, except for the danger caused by ferromagnetic subjects accelerated into the magnet. Nevertheless, at fields of 1.5 T and even ≥ 3 T, the knowledge about side effects is rare, especially the long-term exposure due to high static magnetic fields, gradient fields, and RF fields to organisms. The problems concerning safety are extensively discussed in Sect. 2.9. In the early days of MRI, the simplicity and wide range with which to manipulate contrasts in MRI by changing the imaging parameters led to the conclusion that development of MR contrast agents is dispensable. However, experience taught that contrast media significantly improve MR diagnostics, not only in the central nervous system, but also in other diagnostic procedures. In contrary to X-ray contrast agents, where absorption is the dominating physical effect producing the contrast, MR contrast media are based on other principles. The paramagnetic and/or super-paramagnetic properties of the contrast media influence the relaxation times of tissue, or change contrast by obliterating the signal of protons and thus increase contrast. Whereas in X-ray the contrast is proportional to the concentration of the contrast medium, in MR the dependency on the concentration is in general much stronger than linear —most often exponential. MR-contrast media are described in Sect. 2.6. The intrinsic sensitivity of NMR to motion was already observed early in the 1950s. In MR imaging, motion, in particular flow, is often recognized as artifacts. However, these phenomena can be used to measure flow and/or
 
 represent the vascular system. Two effects are used for these kinds of measurements, the time-of-flight phenomenon (or the wash-in/wash-out effect) or the spin-phase phenomenon. In time-of-flight measurements, moving spins are excited at one location (in the vessel), and detection of the spins is performed downstream at another known location (slice). The delay time between excitation and detection can be used to calculate the flow velocity. Several modifications of the method exist (e.g., presaturation, bolus tracking), and are used depending on the setup of the measurement and sequences used. The spin-phase phenomenon can be used for angiographic imaging as well. The phase of the transverse magnetization of moving spins along a field gradient changes according to the Larmor equation. These phase-shift effects are observed for flow in all directions. The phase changes are prone to different flow parameters (e.g., velocity, turbulences, acceleration, etc.) and on the pulse sequences used. The signal variations produced by the two effects can be used to produce images of the vascular structures. Using phase-sensitive effects, magnitude subtraction is a common procedure: dephased and rephrased image are acquired sequentially and are subtracted. Using time-offlight effects, mostly maximum-intensity projection is used to construct images of the vasculature. The angiographic techniques are described in detail Sect. 2.7. Diffusion-weighted and -tensor imaging is a method applied first for clinical problems in brain, e.g. stroke, characterization of brain tumors, multiple sclerosis, etc. Molecules in gases and fluids undergo microscopic random motions due to the thermal energy proportional to the temperature of the gas or fluid. If the molecules—in this context only water molecules are considered—are imbedded in a structure, for instance in tissues, the random walk motion may be restricted by the cellular tissue structure and hence reduce diffusion constants. If the structure of tissue has a preferred direction, diffusion will no longer isotropic; the diffusion will have higher components in the preferred direction of tissue. This kind of diffusion is called anisotropic diffusion. In mathematical terms, the anisotropic diffusion can be represented by a tensor. The so-called apparent diffusion coefficient can be measured, and the anisotropy of the diffusion can be determined and contains information about the structure of tissue. The basics of diffusion imaging are elucidated in Sect. 2.8.
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 2.2  Physical Basics G. Brix 2.2.1  Nuclear Spin and Magnetic Moment All nuclei with an odd number of protons and/or neutrons possess in their ground state a non-zero angular momentum or nuclear spin I, which results from the intrinsic angular momentums and the orbital angular momentums of the constituent protons and neutrons. As with any other angular momentum at the atomic and nuclear level, the angular momentum vector I is quantized. This quantization is described by the following fundamental postulates of quantum physics: • Quantization of the magnitude: The magnitude (length) |I | of the angular momentum vector can only take the discrete values |I| = ħ I(I + 1), with ħ being the Planck’s constant (ħ = 1.05 × 10–34 Js) and I the spin quantum number, which is either integer or half-integer. • Quantization of the direction: The component Iz of the angular momentum vector I along the direction of an external magnetic field is quantized. For a given value of I, only the discrete values of Iz = mħ are admitted, where m is the magnetic quantum number which is limited to the values –I, –I + 1, . . . , I – 1, I. In total, there are thus only 2I + 1 orientations of the angular momentum vector I allowed. Example: Figure 2.2.1 illustrates spin quantization in form of a vector diagram for a nucleus with the spin quantum number I = 3/2. In this case, there are 2I + 1 = 2 · 3/2 + 1 = 4 orientations of the spin vector I with the magnitude (length) |I| ћ I(I+1) ћ 3/2 · (3/2+1) ћ 15/4 allowed.
 
 μ = γ I. 
 
 (2.2.1)
 
 The proportionality constant γ is denoted as gyromagnetic ratio and is a characteristic property of a nuclide. Whereas all nuclei with I ≠ 0 can be used in principle for spectroscopic MR examinations, the nucleus of the hy-
 
 Fig 2.2.1  Quantization of the nuclear spin. Vector diagram for a nucleus with the quantum numbers I = 3/2 and m = 1/2. The three other possible orientations of the spin vector I are drawn thinly
 
 Remark: The spin quantum number I is frequently referred to as “nuclear spin,” which means that the maximum (minimum) component of the vector I along the chosen axes is ħI (– ħI).
 
 The angular momentum I of an atomic nucleus is always related with a magnetic moment μ. This nuclear magnetism forms the basis of magnetic resonance. Remark: An atomic nucleus can be imagined as a rotating, positively charged sphere (Fig. 2.2.2). The rotation of the charge results in a circular electric current, inducing a magnetic dipolar field. Both the direction and magnitude of the magnetic field are characterized by the magnetic moment μ. In the simple model considered, the vector μ is collinear with the mechanical angular momentum of the sphere. Surprisingly, in quantum physics this simple relationship is even valid when the angular momentum is an inherent property of a particle (e.g., an electron or a nucleus) which is not associated with a mechanic rotation.
 
 As shown by a large number of experiments, there is a linear relationship between the nuclear magnetic moment and the nuclear spin
 
 Fig 2.2.2  Magnetic moment of a charged sphere. In the classical model, the rotation of a charged particle, described by its angular momentum I, results in an electric current, which induces a magnetic dipolar field. Direction and magnitude of this field are described by the magnetic moment μ. The vector μ is directed collinear to the angular momentum I of the sphere (magnetomechanic parallelism)
 
 2.2  Physical Basics Table 2.2.1  MR-relevant properties of nuclei which are important for biological MR examinations (Harris 1986 [3]) Isotope
 
 Spin quantum number l
 
 Gyromagnetic 7 ratio γ/10 –1
 
 –1
 
 (rad T s ) 1
 
 H
 
 1/2
 
 H
 
 1
 
 C
 
 0
 
 C
 
 1/2
 
 N
 
 1
 
 N
 
 1/2
 
 0
 
 0
 
 0
 
 5/2
 
 0
 
 0
 
 F
 
 1/2
 
 Na
 
 3/2
 
 P
 
 1/2
 
 2
 
 12
 
 13 14
 
 15
 
 16 17
 
 18
 
 19 23
 
 31
 
 26.752 4.1066
 
 Resonance frequency υ  = ω/2π at B0  = 1T (MHz)
 
 Natural abundance (%)
 
 42.577
 
 99.985
 
 6.536
 
 0.015
 
 –
 
 Relative MR sensitivity compared 1 to H (%) 100.0 0.96
 
 –
 
 98.89
 
 –
 
 6.7283
 
 10.708
 
 1.11
 
 1.59
 
 1.9338
 
 3.078
 
 99.63
 
 0.10
 
 – 2.7120
 
 4.316
 
 0.37
 
 0.10
 
 –
 
 –
 
 0.04
 
 2.91
 
 0.20
 
 –
 
 – – 3.6279
 
 99.76 5.774
 
 –
 
 –
 
 25.181
 
 40.077
 
 100.0
 
 83.34
 
 11.268
 
 100.0
 
 9.25
 
 17.254
 
 100.0
 
 6.63
 
 7.0801 10.841
 
 drogen atom, which has a spin quantum number of I =1/2, is almost exclusively used in MRI due to two reasons: • It is the most abundant nucleus in biological systems. • It has the largest gyromagnetic ratio of all stable nuclei.
 
 m = –I, –I + 1, … , I – 1, I). Consequently, there are 2I + 1 equidistant energy levels, which are denoted as nuclear Zeeman levels (Fig. 2.2.3)
 
 Table 2.2.1 summarizes MR-relevant properties of the most important nuclei in biological tissue.
 
 Remark: Numerous books use the magnetic field strength H instead of the magnetic flux density B. Within matter, however,
 
 Em = –γħmB0. 
 
 (2.2.3)
 
 2.2.2  Nucleus in a Magnetic Field 2.2.2.1  Quantum Mechanical Description In the absence of a magnetic field, all allowed orientations of the magnetic moment μ = γ I are energetically equal. This corresponds to the well-known fact that a bar magnet can be positioned arbitrarily within the field-free space; its potential energy is independent of its orientation. However, if the nucleus is located in a homogenous static magnetic field with the magnetic flux density B 0 (magnitude, B 0 = |B 0|) directed along the z-axis of a coordinate system, the nucleus has the additional potential energy E = –μz B0 , 
 
 (2.2.2)
 
 where μz is the z-component of the magnetic moment, which can only take the discrete values μz = γħm (with
 
 Fig. 2.2.3  Nuclear Zeeman levels. Splitting of the energy levels of a nucleus with the spin quantum number I = 3/2 in an external magnetic field with the flux density B 0 . The energy difference between the four equidistant nuclear Zeeman levels is ΔE = ħω0 = γħB 0
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 2  Basics of Magnetic Resonance Imaging and Magnetic Resonance Spectroscopy the B field represents the “real” magnetic field that interacts with the magnetic moments of the nuclei. The relation between the two magnetic field quantities is explained in Sect. 2.2.8.1.
 
 When considering an isolated magnetic moment within a static magnetic field, one will find that transitions between the different energy levels are prohibited due to the law of energy conservation. Transitions can exclusively be induced by an additional time-dependent electromagnetic RF field that interacts with the magnetic moment, the effect is known as magnetic resonance (MR). In MR, transitions are induced by a magnetic RF field B1(t) with the angular frequency ωRF, which is irradiated perpendicular to the direction of the static magnetic field B 0 . Such a time-dependent magnetic field, however, can only induce transitions fulfilling the selection rule ∆m = ±1, i.e., transitions between neighboring energy levels. As a consequence, the energy ERF = ħωRF of a photon of the RF field must be identical with the energy difference ΔE = ħω0 = γħB 0 between two neighbored energy levels, which yields the resonance condition
 
 not only be described by quantum physics, but also by a classical approach, which is mediated by the intuitive semi-classical model described in the next section. 2.2.2.2  Semiclassical Description
 
 (2.2.4)
 
 In an external magnetic field, a cylindrical permanent magnet—characterized by a magnetic moment μ—experiences a mechanical torque that tends to align the permanent magnet parallel to the external magnetic field and thus minimize the potential energy of the system. However, in the case that the permanent magnet rotates around its longitudinal axis and thus possesses an angular momentum (“magnetic gyroscope”), it cannot align parallel to the external field due to the conservation of the angular momentum. In this situation, it experiences a torque perpendicular to both the direction of the magnetic field and the angular momentum, which results in a rotation (precession) of the magnet on a cone about the direction of the external B 0 field (see Fig. 2.2.4b). The frequency of this precession, the Larmor frequency, corresponds to the resonance frequency ω0 given by Eq. 2.2.4.
 
 Remarkably, Planck’s constant ħ does not occur in this fundamental equation of magnetic resonance. This indicates that the basic principles of magnetic resonance can-
 
 Remark: The precession of a magnetic gyroscope in an external magnetic field can be illustrated by a mechanic analog. When a child’s spinning top is deflected so that its axis is not parallel to
 
 Fig 2.2.4  Analogy between an atomic nucleus and a top. a Precession of a rotating top in the gravitational field G of the earth. b Precession of a magnetic moment μ around the direction of a static magnetic field B 0. The fundamental difference between
 
 the top and the nucleus is that the nucleus possesses an intrinsic angular momentum I, whereas the angular momentum L of the top has to be initiated mechanically
 
 ωRF = ω0 = γB 0. 
 
 2.2  Physical Basics the direction of the gravitational field, it will continue rotating around its axis, but the axis itself will start rotating—the top precesses on a cone around the direction of the gravitational field (Fig. 2.2.4a). It should be mentioned, however, that the child’s top and the nucleus differ with regard to the fact that the child’s top has to be spun, whereas the nucleus possesses an intrinsic angular momentum.
 
 The quantization of direction of the nuclear magnetic moment μ can be integrated into this classical description by limiting the angle between the field axis and the precession cone to the discrete values which relate to the 2I + 1 orientations of the angular momentum I permitted. For a spin-1/2 nucleus, this results in a double-precession cone as shown in Fig. 2.2.5. However, this semiclassical model is rendered questionable, because the classical concept of a continuous trajectory in space is hardly compatible with the quantization of physical quantities. For instance, what would the trajectory of the vector μ look like when transitions between the various precession cones, reflecting discrete energy levels, are induced by an RF field, such as for a spin-1/2 nucleus, the transition from the lower to the upper precession cone (cf. Fig. 2.2.5)? Is it possible to assign to the vector μ a well-defined direction in space at any point in time, and would this direction change over time? If so, then this negates the postulate of discrete energy and angular momentum levels. This aporime can only be solved by a rigorous quantum mechanical treatment of the system. However, when considering only the mean values of physical quantities averaged over a large ensemble of nuclei—which can only be measured in a real MR experiment—it becomes obvious that the models and laws of classical physics are valid.
 
 However, as compared with the thermal energy, the difference between the two energy levels is extremely small, so that the difference in the occupation numbers of the two levels is very small. At body temperature of 37°C, the difference in the occupation numbers with respect to the total number of spins is as low as 0.000003!
 
 Fig 2.2.5  Double-precession cone for a nucleus with the nuclear spin quantum number I = 1/2. The two permitted spin states (precession cones) are characterized by the magnetic quantum numbers m = ±1/2
 
 2.2.3  Macroscopic Magnetization In field-free space, the magnetic moments of nuclei in a macroscopic sample are randomly oriented due to their thermal motion and thus mutually compensate each other. In a homogeneous static magnetic field B 0, however, only 2I + 1 discrete orientations of the magnetic moments with respect to the direction of the external field are permitted, the energy levels of which differ according Eq. 2.2.3. In thermal equilibrium, the population of the 2I + 1 levels (spin states) is described by the Boltzmann statistic: The lower the energy Em = –γħB0m of a state with the magnetic moment μz = γħm in the zdirection, the greater is the occupation number. Example: Let us consider an ensemble of hydrogen nuclei in a static magnetic field of the flux density B0 = 1 T. According to the Boltzmann statistic, more nuclei will occupy the state of the lower energy (m = +1/2, µz parallel to B 0) than the state of the higher energy (m = –1/2, µz antiparallel to B 0) (Fig. 2.2.6).
 
 Fig 2.2.6  Origin of the nuclear magnetization. In thermal equilibrium, the distribution of an ensemble of spin-1/2 nuclei on the two allowed precession cones is described by the Boltzmann statistic. The occupation number of the state of the lower energy (m = +1/2, µz parallel to B 0) is somewhat higher than that of the state of the higher energy (m = –1/2, µz antiparallel to B 0) which leads to macroscopic (bulk) magnetization M0
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 Although the difference in the occupation numbers is extremely small, it results in a measurable bulk magnetic moment along the direction of the B 0 field due to the large number of nuclei in a macroscopic sample (“nuclear paramagnetism”). The macroscopic magnetization in thermal equilibrium is described by the magnetization vector M0, which is defined as the vector sum of the nuclear magnetic moments per unit volume V. The magnitude of the equilibrium magnetization M0 is given by M 0 |M0|
 
 1 V
 
 N i=1
 
 ( µz )i
 
 N I(I+1) y 2 ħ2 B0 V 3kT
 
 (2.2.5)
 
 where N is the total number of nuclei in the sample, T the absolute temperature of the sample, and k Boltzmann’s constant (k = 1.38 · 10–23 J/K). The ratio ρ = N/V is called spin density. As both the body temperature and the spin density cannot be altered in living beings, the equilibrium magnetization M0 can only be increased according to Eq. 2.2.5 by increasing the magnetic flux density B0. 2.2.4  Dynamic of Magnetization I: Resonance Excitation The equilibrium state of a spin system can be disturbed by a magnetic RF field B 1(t) with a frequency ωRF equal to the Larmor frequency ω0, which tilts the magnetization M. Whereas a nuclear magnetic moment μ can only take 2I + 1 discrete orientations relative to the static magnetic field B 0 (quantization of direction), the macroscopic magnetization M can take any direction in space and change it steadily. The action of a magnetic RF field B 1(t), which rotates with the Larmor frequency ω0 around the direction of the static B 0 field, can be analyzed most effectively in a rotating frame, i.e., a coordinate system that rotates with the Larmor frequency around the z-axis (Fig. 2.2.7). The change to a rotating frame with the axes (x′, y′, z) has two advantages: • As the x′–y′-plane of the rotating frame is synchronized with the RF field, the B 1 vector remains stationary in this frame. In the following analysis, we will assume that the static B 1 field points along the x′-axis (Fig. 2.2.7). • As shown in Sect. 2.2.2.2, a nuclear magnetic moment μ precesses with the Larmor frequency ω0 around the direction of the B 0 field (see Fig. 2.2.5). Of course, this holds equally for the sum of the nuclear magnetic moments, i.e., for the macroscopic magnetization M. Therefore, an observer observing the precession of the magnetization M from the rotating frame will come to conclude that the position of the magnetization does not change. From his point of view, the magnetization behaves as if the B 0 field is absent (Larmor’s theorem).
 
 Fig 2.2.7  Radiofrequency field in a stationary and in a rotating frame of reference. In the stationary frame (x, y, z) the magnetic RF field B 1(t) rotates with the angular frequency ωRF in the x–yplane around the z-axis. If one observes this rotation from a rotating frame (x′, y′, z), which rotates with the angular frequency ωRF around the z-axis, the vector is stationary. Typically, the rotating frame is chosen in such a way that the B 1 field points in the x′-direction
 
 Summarizing both reflections, it can be concluded that the dynamics of the magnetization M in the rotating frame is determined only by the static B 1 field. If it points toward the x′-axis, then the magnetization M will precess around the x′-axis (Fig. 2.2.8a). Analogous to Eq. 2.2.4, the frequency ω1 of this precession is given by ω1 = γB1. 
 
 (2.2.6)
 
 When looking at this simple rotation of the magnetization M in the y′–z-plane of the rotating frame from a laboratory frame of reference (x, y, z), the movement is superimposed by a markedly faster rotation (B0 > B1) around the z-axis. Thus, within the laboratory frame of reference, the tip of the vector M moves in a helical manner on the surface of a sphere around the B 0 field; the length of the vector M remains constant (Fig. 2.2.8b). If the magnetization M points toward the static field B 0 before the RF field B 1(t) is switched on, the magnetization M is rotated from the equilibrium position under the influence of the RF field during the duration tp by the flip angle: α = ω1tp = γB1tp. 
 
 (2.2.7)
 
 If the duration tp of the RF field is chosen to rotate the magnetization in the rotating frame by 90°, then this
 
 2.2  Physical Basics
 
 pulse is denoted as 90° or π/2 pulse (Fig. 2.2.9a). Accordingly, the magnetization M is rotated by 180° when the duration of the RF pulse is doubled at the same flux density B1. This pulse, which inverts the magnetization from the positive to the negative z-direction, is called 180° or π pulse (Fig. 2.2.9b). Remark: Precisely speaking, a short RF pulse with the carrier frequency ωRF will excite not only the nuclei that exactly fulfill the resonance condition ωRF = ω0, but also nuclei whose resonance frequency slightly differs from ωRF. This is because the frequency spectrum of an RF pulse of finite duration consists of a continuous frequency band around the nominal frequency ωRF (Fig. 2.2.10). The width of the frequency distribution is inversely proportional to the duration tp of the pulse: the shorter the pulse, the broader the frequency spectrum is be distributed around ωRF. If the RF field is irradiated over a very long period (tp → ∞), the spectrum will be quasi-monochromatic.
 
 To simplify the following analysis, the magnetization M is separated into two components: the longitudinal magnetization Mz, which is parallel to the direction of the static magnetic field B 0 , and the transverse magnetization Mxy, which is perpendicular to it (Fig. 2.2.11). In the laboratory frame the transverse magnetization Mxy precesses with the Larmor frequency ω0; in the rotating frame it remains stationary. It is instructive to describe the effect of a 90°/180° pulse on an ensemble of spin-1/2 nuclei within the semiclassi-
 
 cal model described in Sect. 2.2.2.2. As can be shown, the magnetic RF field induces transitions between the two permitted spin states (precession cones) until the occupation numbers are either identical (90° pulse) or inverted (180° pulse). Furthermore, irradiation of a 90° pulse results in a phase synchronization of the nuclear magnetic moments of the sample, which yields a macroscopic transverse magnetization Mxy, the magnitude of which is equal to that of the equilibrium magnetization M0. Figuratively speaking, this means that the precession of the transverse magnetization Mxy can be described as a common (phase coherent) precession of a “spin package” (Fig. 2.2.12). 2.2.5  Dynamic of Magnetization II: Relaxation Up to this point, we have assumed that interactions of nuclear spins between one another and with their environment can be neglected. However, this assumption is not valid for real spin systems, as the magnetization returns to its equilibrium (Mxy = 0, Mz = M0) after RF excitation. This process is called relaxation. Two different relaxation processes have to be distinguished: • The relaxation of the longitudinal magnetization Mz characterized by the longitudinal or spin-lattice relaxation time T1 • The relaxation of the transverse magnetization Mxy characterized by the transverse or spin-spin relaxation time T2.
 
 Fig 2.2.8  Resonance excitation. a In a rotating frame of reference, which rotates with the Larmor frequency ω0 around the direction of the B0 field, the magnetization M precesses with the frequency ω1 around the stationary B1 field. b In the stationary frame this simple rotation is superimposed by the markedly faster rotation around the z-axis. Therefore, the tip of the vector M moves in a helical manner on the surface of a sphere
 
 Fig. 2.2.9  90° and 180° pulse. If one chooses the rotating frame so that the RF pulse is irradiated along the x′-axis, the magnetization M will be rotated (a) by a 90° pulse along the y′-direction and (b) by a 180° pulse to the negative z-direction
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 Fig. 2.2.12  Phase synchronization by a 90° pulse. The 90° pulse leads to a synchronization of the phases of the magnetic moments μ of the nuclei in the sample (spin packet), which results in a macroscopic transverse magnetization Mxy, the magnitude of which corresponds to that of the longitudinal magnetization before irradiation of the 90° pulse. In the figure, only the part of the magnetic moments of the sample which are distributed in an anisotropic manner on the precession cone is shown
 
 2.2.5.1  Physical Model of Relaxation Processes Fig. 2.2.10  RF pulse in the time and frequency domain. a RF pulse with carrier frequency ωRF and duration tp. b Fourier transformation of the RF pulse. Due to its finite duration, the frequency spectrum of the pulse is not monochromatic, but contains an entire frequency band, which is distributed around the nominal frequency ωRF
 
 In real spin systems, every nucleus is surrounded by other intra- and intermolecular magnetic moments, which are in motion due to rotations, translations, and vibrations of molecules as well as exchange processes. These processes induce an additional fluctuating magnetic field Blok(t) at the position of a given nucleus, which has to be added to the external field. As the movements and exchange processes are random, the fluctuating fields differ in time from nucleus to nucleus—in contrast to the coherent RF field Blok(t) irradiated from the outside. As any other temporal process, the locally fluctuating magnetic fields Blok(t) can be decomposed into its frequency components. Remark: The decomposition of a function into harmonic (i.e., sinusoidal) basis functions is denoted as Fourier analysis, the mathematical operation that gives the intensity (amplitude) of the harmonic basis functions as Fourier transformation. If the given function is periodic with period T, it can be decomposed into a sum of sinus and/or cosine functions with the discrete frequencies ω, 2ω, 3ω . . . (ω = 2π/T ). In contrast, a nonperiodic function has a continuous spectrum of frequencies.
 
 Fig. 2.2.11  Definition of the longitudinal and transverse magnetization. As the macroscopic magnetization M precesses in the stationary frame around the z-axis, it is beneficial to split it into two components: the rotating transverse magnetization Mxy and the longitudinal magnetization Mz
 
 The contribution of the different frequency components to the fluctuating local field Blok(t) is described by the spectral density function J(ω). A general feature of this function is that the more rapidly the molecular motion is, the broader the frequency spectrum (Fig. 2.2.13).
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 In order to understand the effect of the fluctuating local magnetic fields Blok(t) on a spin system, the components parallel and perpendicular to B0 have to be discussed separately. Whereas the parallel component exclusively contributes to T2 relaxation, the perpendicular component influences both T1 and T2 relaxation: • The field component perpendicular to the B0 field induces—in analogy to the external RF field B1(t) —transitions between the energy levels (precession cones) of an individual spin. The probability of these transitions depends on the intensity of the frequency component of the fluctuating fields that oscillates at the Larmor frequency ω0: the higher the spectral density J(ω0), the more transitions are induced. As Fig. 2.2.13 shows, J(ω0) assumes a maximum when the limiting frequency ωG of the spectral density function is comparable to the Larmor frequency ω0. The described relaxation process allows the excited spin system to emit and absorb photons of energy ħω0 until the Boltzmann distribution of the energy levels is reached. The energy difference between the excited and the equilibrium state is dissipated to the surrounding medium or “lattice.” Since the change in the occupational numbers of the spin states (precession cones) is related with a change in the macroscopic longitudinal magnetization Mz, the described mechanism contributes to longitudinal relaxation. Moreover, it contributes to T2 relaxation, as the locally induced transitions between the precession cones destroy the phase coherence between those spins which form, as a spin-package, the macroscopic transverse magnetization (cf. Fig. 2.2.12). • The component of the fluctuating field Blok(t) oriented parallel to the z-axis locally modulates the static field B0 at the position of a nucleus and thereby changes the precession frequency ω0 of its nuclear magnetic moment μ. Since the local fluctuations seen by the nuclei are spatially uncorrelated, the precessing magnetic moments within a sample lose their phase coherence, which causes the transverse magnetization to decay (see Fig. 2.2.12). Given the fact that the effect of the high-frequency components of the fluctuating field vanishes when averaged over time, only the quasistatic frequency components, the intensity of which is approximately given by J(ω = 0), have a measurable effect on the transversal magnetization (see Fig. 2.2.13). As no transitions between the energy levels (precession cones) are induced by the described relaxation mechanism, the longitudinal magnetization Mz remains unchanged, which means that the mechanism solely contributes to transversal relaxation. The qualitative discussion of the relaxation mechanisms reveals that their effectiveness depends on two different factors, namely on the magnitude and the temporal characteristics of the field fluctuations. The dependence from the magnitude is utilized when using paramagnetic con-
 
 Fig. 2.2.13  Schematic representation of the density function J(ω) for three substances with a different thermal mobility of the constituting atoms or molecules. a If the atoms or molecules move very slowly (such as in solids), the intensity of high-frequency components is very low. b This is different in fluids. In this case, the atoms or molecules move very rapidly, so that the spectral density function contains high-frequency components to a significant degree. c At a given frequency ω0 the intensity J (ω0) will attain a maximum if the cut-off frequency ωG of the spectral density function approximately corresponds to the given frequency ω0. At low frequencies, J (ω) is nearly independent on the frequency, so that the density of the quasi-static frequency components can be approximated by J (ω = 0)
 
 trast agents (see Sect. 2.6), which possess unpaired electron spins and consequently a magnetic moment. When considering the fact that the magnetic moment of an electron amounts to 658 times the magnetic moment of a proton, one can easily understand why even the slightest amounts of paramagnetic substances can lower the relaxation times considerably. 2.2.5.2  Phenomenological Description of Relaxation Processes For spin systems with a sufficiently high molecular mobility, relaxation processes can be described by exponential functions with the time constant T1 or T2. The longitudinal magnetization increases exponentially toward its equilibrium value Mz = M0, the transverse magnetization decreases exponentially toward Mxy = 0. Figure 2.2.14 shows the exponential relaxation of both magnetization components after excitation of the spin system by a 90° pulse and gives a simple interpretation of the relaxation times T1 and T2: • The longitudinal relaxation time T1 gives the time required for the longitudinal magnetization after a 90° pulse to grow again to 63% of its equilibrium value M0. • The transverse relaxation time T2 gives the time required for the transverse magnetization after a 90° pulse do drop to 37% of its original magnitude.
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 Fig. 2.2.14  Relaxation of the longitudinal and transverse magnetization. After excitation by a 90° pulse, the longitudinal magnetization Mz relaxes toward the equilibrium magnetization Mz = M0, and the transverse magnetization toward Mxy = 0. The temporal evolution is defined by the relaxation times T1 and T2, respectively (e–1 ≅ 0.37)
 
 Fig. 2.2.15  Dephasing of the transverse magnetization. The transverse magnetization Mxy of the sample is split up into several magnetization components, which precess with slightly differing Larmor frequencies around the direction of the B0 field. a Immediately after the 90° pulse, all magnetization components are aligned parallel. b–d Afterward, the components dephase due to their different Larmor frequencies, and thus the macroscopic transverse magnetization decays
 
 2.2  Physical Basics
 
 The process of transverse relaxation can be described intuitively on the macroscopic level. To this end, the transversal magnetization Mxy is split into different magnetization components, or spin packets. Whereas the spins of each spin packet precess with the same Larmor frequency, the spins in different packets slightly differ in their Lamor frequencies. Right after excitation, all components of the magnetization point toward the same direction; shortly afterward, however, some parts precess more quickly than others around the direction of the B0 field. Due to this fact, the components fan out (dephasing), and the resulting transverse magnetization decreases (Fig. 2.2.15). In real MR experiments always macroscopic samples are examined, so that not only the fluctuating local magnetic fields, but also spatial field inhomogeneities of the external field B0, introduced by technical imperfections, contribute to the transverse relaxation. As both effects superpose on one another, the resulting effective relaxation time T2* is always shorter than the real, substancespecific transverse relaxation time T2. 2.2.5.3  Proton Relaxation Times of Biological Tissues Relaxation times in solids and fluids differ markedly (Fig. 2.2.16). Whereas the longitudinal relaxation in solids can take hours or even days, in pure fluids it only takes some seconds. This difference is because the spectral density function J(ω0) at the Larmor frequency is much larger in fluids than it is in solids, in which the low-frequency components dominate (see Fig. 2.2.13). For the same physical reason, the T2 relaxation time in solids usually only amounts to some microseconds, whereas in fluids it is only slightly shorter than the longitudinal relaxation time T1. Soft tissues range, based on their consistency, between solids and pure fluids: with regard to their relaxation be-
 
 Fig. 2.2.16  Relaxation in fluids and solids. The relaxation behavior of a substance depends strongly on the thermal mobility of the constituting atoms and molecules. For fluids with a high thermal mobility the relation T1 ≅ T2 holds, for solids T1 >> T2. The relaxation time T1 is minimal, when the cut-off frequency of the spectral density function J(ω) of the substance approximately corresponds to the Larmor frequency (see Fig. 2.2.13)
 
 havior, they can in general be treated as viscose fluids. Table 2.2.2 summarizes representative proton relaxation times for different biological tissues. Due to the considerable differences in the tissue relaxation times, it is possible to acquire MR images with an excellent tissue contrast even when the proton densities of the tissues or organs only slightly differ from one another. When interpreting the relaxation times, two aspects have to be taken into account: • The relaxation time T1 of biological tissues strongly depends on the Larmor frequency, whereas the relaxation time T2 is nearly independent of the frequency. When comparing T1 values, one therefore needs to
 
 Table 2.2.2  1H relaxation times of biological tissues at different magnetic flux densities B0 (Bottomley et al. 1984 [2]) Tissue
 
 T2 (ms)
 
 T1 (s) at 0.5 T
 
 T1 (s) at 1.0 T
 
 T1 (s) at 1.5 T
 
 Skeletal muscle
 
 47±13
 
 0.55±0.10
 
 0.73±0.13
 
 0.87±0.16
 
 Heart muscle
 
 57±16
 
 0.58±0.09
 
 0.75±0.12
 
 0.87±0.14
 
 Liver
 
 43±14
 
 0.33±0.07
 
 0.43±0.09
 
 0.50±0.11
 
 Kidney
 
 58±24
 
 0.50±0.13
 
 0.59±0.16
 
 0.65±0.18
 
 Spleen
 
 62±27
 
 0.54±0.10
 
 0.68±0.13
 
 0.78±0.15
 
 Fatty tissuea
 
 84±36
 
 0.21±0.06
 
 0.24±0.07
 
 0.26±0.07
 
 Grey brain matter
 
 101±13
 
 0.66±0.11
 
 0.81±0.14
 
 0.92±0.16
 
 White brain matter
 
 92±22
 
 0.54±0.09
 
 0.68±0.12
 
 0.79±0.13
 
 In fatty tissue, the single component relaxation times have to be considered as rough estimations
 
 a
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 consider the magnetic flux density B0 at which the T1 measurement was done. • Relaxation processes often consist of multiple components, so that the description by a mono-exponential function is only a rough approximation. The relaxation times given in Table 2.2.2 therefore only represent weighted mean values of an entire spectrum of exponential functions, characterizing the relaxation behavior of protons in different cell and tissue compartments between which the water exchange is slow. However, at the timescale relevant for MRI, relaxation processes of most tissues can be approximated rather well by a single exponential function. An exception is fat-containing tissue (such as subcutaneous fatty tissue or bone marrow), which demands at least two exponential functions to be considered for the parameterization of the relaxation processes observed. 2.2.6  The MR Experiment Figure 2.2.17 shows the general setup of an MR experiment; technical details will be presented in Sect. 2.5. The sample to be examined is located within a very homogeneous static magnetic field B0, which is created either by a permanent magnet or by a (superconducting) coil. The RF field required for the excitation of the spin system is generated by a transmit coil connected to the RF transmit system. This RF coil is positioned in such a way that the radiofrequency field B1(t) is irradiated perpendicular to the B0 field into the sample volume. Remark: Whereas atomic nuclei with a nuclear spin quantum number of I ≥ 1 can interact with both the electric and the magnetic component of the electromagnetic RF field, spin-1/2 nuclei are only affected by the magnetic component B1(t) of the RF field.
 
 Fig. 2.2.17  Principle setup of an MR experiment. The object to be measured is placed within a homogeneous static magnetic field B0. Excitation of the spin system is performed by an RF field B1(t) irradiated perpendicularly to B0 by an RF coil. After
 
 After excitation of the spin system by an RF pulse, the precessing transverse magnetization Mxy in turn induces a weak alternating voltage in a receiver coil, which in general is identical to the transmit coil (Fig. 2.2.18a). The measured voltage is amplified, filtered, digitalized, and fed to the computer of the MR system. The measured MR signal S(t) has the form of a damped oscillation (Fig. 2.2.18b), which is denoted as the free induction decay (FID). The FID signal has the following characteristic features: • It oscillates with the Larmor frequency ω0 of the stimulated nuclei. • It decays in time with the time constant T2*. • Its initial amplitude is proportional to the number N of the excited spins in the sample (N = ρV ∝ M0V; cf. Eq. 2.2.5). If the sample contains nuclei of a certain type whose resonance frequency slightly differs due to intramolecular interactions (see Sect. 2.2.8), the MR signal induced in the receiver coil will consist of several interfering decay curves. However, such a curve is rather complicated to analyze and interpret. Therefore, the detected curve is usually spit up into its frequency components (Fourier analysis, see Sect. 2.2.5.1) and presented as frequency spectrum. Both types of description are merely different representations of the same data, which can be transformed into one another mathematically by a Fourier transformation. Example: Figure 2.2.18b,c illustrates the relation between the description of the MR signal in the time or frequency domain by the example of a substance whose MR spectrum only shows one resonance line.
 
 excitation, the MR signal of the sample is detected by an RF coil and transferred via a receiver channel to the computer of the MR system. (For details, see Sect. 2.5)
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 For quantitative analysis of an MR spectrum, the following features are important:
 
 • The center of the resonance curve is at the Larmor frequency ω0. • The full width Δω at half maximum of the curve is related with the characteristic time constant T2* of the FID by the relation Δω = 2/T2*. • The area under the curve is approximately proportional to the number of excited nuclei in the sample. 2.2.7  Standard Pulse Sequences In an MR experiment, only the RF signal can be determined by measurement, which is induced by the rotating transverse magnetization Mxy in the receiver coil (cf. Sect. 2.2.6). Nevertheless, a large variety of MR experiments can be realized that differ in the way by which the spin system is excited and prepared by means of RF pulses before the signal is acquired. A defined sequence of RF pulses, which is usually repeated several times, is called a pulse sequence. In the following, three “classical” pulse sequences are described that are frequently used for MR experiments (imaging sequences are described in Sect. 2.4): • The saturation recovery sequence • The inversion recovery sequence • The spin-echo sequence. 2.2.7.1  Saturation Recovery Sequence
 
 Fig. 2.2.18  Free induction decay (FID) and frequency spectrum. a After excitation of the spin system by a 90° pulse the magnetization Mxy precesses with the Larmor frequency ω0 around the direction of the B0 field and induces an electric voltage in the receiver coil. b The measured FID signal S(t) has the form of a damped oscillation, the frequency of which is given by the Larmor frequency ω0. The decay of the signal is defined by the time constant T2*. c A Fourier transformation of the FID signal gives the frequency spectrum of the MR signal. The resonance curve has its center at the Larmor frequency ω0; its full width at half maximum (FWHM) is related with the characteristic time constant T2* of the FID by the relation Δω = 2/T2*
 
 The saturation recovery (SR) sequence consists of only a single 90° pulse, which rotates the longitudinal magnetization Mz into the x–y-plane. The FID signal is acquired immediately after the RF excitation of the spin system. After a delay time, the repetition time TR, the sequence is repeated. The SR sequence is described schematically by the pulse scheme (90°–AQ– TR) (AQ = signal acquisition period; Fig. 2.2.19a). If the repetition time TR is long compared to T1, the magnetization M relaxes back to its equilibrium state (see Fig. 2.2.14). In this case, the initial amplitude of the FID, even after repeated excitations, does only depend on the equilibrium magnetization M0 and does not show any T1 dependency. However, if the repetition time TR is shortened to a value that is comparable to T1, the longitudinal magnetization Mz will not fully relax after excitation, and the following 90° pulse will rotate the reduced longitudinal magnetization Mz(TR) = M0[1–exp(–TR/T1)] into the x–y-plane (Fig. 2.2.19b, c). Under the assumption that the transverse magnetization after the repetition time TR has been decreased to zero (TR >> T2*), the following expression is obtained for the initial amplitude SSR of the FID signal: SSR ∝ N (1–e–TR/T1), 
 
 (2.2.8)
 
 which exclusively depends on the relaxation time T1 and the number N of the excited spins in the sample.
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 Fig. 2.2.19  Saturation recovery sequence. a Pulse scheme of the SR sequence (AQ: signal acquisition). b The 90° pulse rotates the actual longitudinal magnetization into the x–y-plane. During the repetition time TR, the longitudinal magnetization relaxes toward the equilibrium magnetization M0. The speed of this process is described by the longitudinal relaxation time T1. Note that by the first 90° pulse, the equilibrium magnetization M0 is rotated into the x–y-plane, whereas the subsequent 90° pulses rotate the reduced longitudinal magnetization Mz(TR) = M0[1 – exp(–TR /T1)]. c Temporal evolution of the transverse magnetization Mxy in the rotating frame. d Induced MR signal SSR(t)
 
 2.2.7.2  Inversion Recovery Sequence In the inversion recovery (IR) method, the longitudinal magnetization is inverted by a 180° pulse (inversion pulse), which is followed after an inversion time TI by a 90° pulse (readout pulse). Immediately after the 90°
 
 Fig. 2.2.20  Inversion recovery sequence. a Pulse scheme of the IR sequence (AQ: signal acquisition). b Initially, the longitudinal magnetization is inverted by the 180° pulse (inversion pulse), which is followed after an inversion time TI by a 90° pulse (readout pulse), which rotates the existing longitudinal magnetization Mz(TI) into the x–y-plane. After the 90° pulse, the longitudinal magnetization relaxes toward the equilibrium magnetization M0. c Temporal evolution of the transverse magnetization Mxy in the rotating frame. d Induced MR signal SIR(t)
 
 pulse, which rotates the partially relaxed longitudinal magnetization Mz(TI) into the x–y-plane, the FID signal is acquired (Fig. 2.2.20). The IR sequence is described by the pulse scheme (180°– TI – 90° – AQ). The initial amplitude SIR of the FID signal is directly proportional to the longitudinal magnetization immediately before irradiation of the read-out pulse, just as is the case in the SR method. In contrast to
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 the SR sequence, however, the change in the longitudinal magnetization is twice as high and thus—in analogy to Eq. 2.2.8—the following expression is obtained (compare Figs. 2.2.19b and 2.2.20)
 
 2.2.7.3  Spin-Echo Sequence
 
 Remark: If the IR sequence is repeated several times with different inversion times TI, it is possible to sample the temporal course of the longitudinal magnetization step by step, since the initial amplitude of the FID signal is directly proportional to the longitudinal magnetization at time TI (see Fig. 2.2.20). This procedure is applied frequently in order to determine the relaxation time T1 of a sample according to Eq. 2.2.9.
 
 As explained in Sect. 2.2.5.2 the temporal decay of the transverse magnetization Mxy is caused by two effects: fluctuating local magnetic fields and spatial inhomogeneities of the magnetic field B0. The transverse magnetization Mxy therefore relaxes not with the substance-specific relaxation time T2 but rather with the effective time constant T2* (T2* < T2). When determining the relaxation time T2, it is therefore important to compensate the effect of the field inhomogeneities. This can be done, as E. Hahn has already shown in 1950, by using the so-called spinecho (SE) sequence. This sequence utilizes the fact that the dephasing of the transverse magnetization caused by B0 inhomogeneities is reversible since they do not vary in time, whereas the influence of the fluctuating local magnetic fields is irreversible. In order to understand the principle of the SE sequence with the pulse scheme (90° – τ – 180° – τ – AQ; see Fig. 2.2.22a), we initially neglect the influence of the
 
 Fig. 2.2.21  Explanation of the spin-echo experiment in the rotating frame. For the sake of simplicity, the substance-specific transverse relaxation is not been considered in this figure. a The 90° pulse rotates the longitudinal magnetization into the x′–y′plane. b,c In the course of time, the magnetization components, which form together the transverse magnetization Mxy, dephase so that the transverse magnetization decays with the characteristic time constant T2* (see Fig. 2.2.15). d,e Irradiation of the 180° pulse along the x′-axis mirrors the dephased magnetiza-
 
 tion vectors at the x′-axis. As neither the precession direction nor the precession velocity of the magnetization components are altered by the 180° pulse, the components rephase and thus the transverse magnetization increases. The regeneration of the transverse magnetization is called a spin echo. f At the time TE = 2τ, all magnetization components point into the same direction again. Due to the rephrasing effect of the 180° pulse, the amplitude Mz(TE = 2τ) of the spin echo is independent of the static inhomogeneities of the B0 field
 
 SSR ∝ N (1–2e–TI/T1). (2.2.9) The derivation of this relation is based on the assumption that the spin system is in its equilibrium state before it is excited by the inversion pulse. When repeating the IR sequence, one has therefore to make sure that the repetition time TR is markedly longer than the relaxation time T1.
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 frame, one observes a fanning out of the magnetization components around the y′-axis (Fig. 2.2.21.b,c). If a 180° pulse is applied after a time delay τ along the x′-axis, the magnetization components will be mirrored with respect to this axis (Fig. 2.2.21d). However, the 180° pulse does not change the rotational direction of the magnetization components, but merely inverts the distribution of the components: the faster components now follow the slower ones (Fig. 2.2.21e). After the time t = 2τ, all magnetization components again point to the same direction, and the signal comes to a maximum (Fig. 2.2.21f). The 180° pulse thus induces a rephasing of the dephased transverse magnetization, which causes the MR signal to increase and to generate a spin echo (Fig. 2.2.22). After the spin-echo time TE = 2τ, the echo decays again— as the original FID does—with the time constant T2*. Due to the rephasing effect of the 180° pulse, the spinecho signal SSE(TE) is independent from the inhomogeneities of the static magnetic field: the loss of signal at the time t = TE as compared to the initial signal SSE(0) is determined exclusively via the substance-specific relaxation time T2. If one irradiates a sequence of K 180° pulses at the times τ, 3τ, 5τ, …, (2K–1)τ, one can detect a spin echo in between the subsequent 180° pulses (Fig. 2.2.23). The envelope of the echo signals SSE(2τk) (k = 1, 2, 3, …, K) decays exponentially with the relaxation time T2. SSE ∝ N e–2τk/T2. 
 
 (2.2.10)
 
 The major advantage of this multi echo sequence consists in the fact that the T2 decay can very effectively be detected by a single measurement (Fig. 2.2.23). 2.2.8  Influence of the Electron Shell on the Local Magnetic Field Fig. 2.2.22  Spin-echo sequence. a Pulse scheme of the SE sequence (AQ: signal acquisition). b Temporal evolution of the longitudinal magnetization Mz. Note that the 180° pulse at the time t = τ inverts the longitudinal magnetization. c Temporal evolution of the transverse magnetization Mxy in the rotating frame. After excitation of the spin system by the 90° pulse, the transverse magnetization decays with the characteristic time constant T2*. The 180° pulse results in a regeneration of the transverse magnetization denoted as spin-echo. d Induced MR signal SSE(t)
 
 fluctuating local magnetic fields and solely consider the static magnetic field inhomogeneities. Immediately after the 90° pulse, all magnetization components composing the transverse magnetization Mxy point along the y′-axis (Fig. 2.2.21a). Shortly afterward, some components precess faster, others more slowly around the direction of the B0 field, so that the initial phase coherence is lost (see Fig. 2.2.15). When looking at this situation from a rotating
 
 All the considerations so far have been based on the assumption that the external magnetic field B0 created by the RF coil is not altered by the electrons surrounding a nucleus. However, this is not the case as the electrons interact with the applied external magnetic field. In biological tissues in which atoms are covalently bound, two related effects need to be considered, the diamagnetism and the chemical shift. 2.2.8.1  Macroscopic Effect: Diamagnetism Diamagnetism is a general feature of matter and is because electrons attempt to shield the interior of the sample against the external magnetic field. In electrodynamics, this effect is described by Lenz’s law. It states that the current induced in a circuit by the change of a magnetic field is directed in such a way that the secondary magnetic field induced by the electric current weakens the
 
 2.2  Physical Basics
 
 in the electron shell are “frictionless,” which means that an induced electron current remains constant until the external magnetic field changes or until the sample is removed from the magnetic field. The sum of the induced magnetic moments of the electrons per volume is—similar to the nuclear magnetization M—denoted as electron magnetization Me. For averaging, the volume has to be chosen in such a way that, on the one hand, a great number of atoms and molecules is contained, and, on the other hand, that it is small compared to the volume of the sample (for example, 1 µm3 water contains about 3.3 · 1010 water molecules). The magnetization Me thus represents a macroscopic quantity per definitionem.
 
 Fig. 2.2.23  Multi echo sequence. a Pulse scheme (AQ: signal acquisition). b Decay of the echo amplitudes as a function of time. The signal decay is determined exclusively by the substance-specific transverse relaxation time T2, whereas the decay and the regeneration of the FID are essentially determined by technically conditioned field inhomogeneities
 
 Remark: Due to practical reasons, distinction is made in electrodynamics between free and bound currents: Free currents are experimentally controllable and are linked to macroscopic circuits, whereas bound currents are linked to atomic and molecular magnetic moments in matter. The field related to free currents is denoted as magnetic field H (unit: ampere/meter), the field created by the total current, i.e. by both the free and the bound current, as magnetic flux density B (unit: Tesla). At every point in space, the vector quantities H, B, and Me are related by B = μ0(H + Me), 
 
 (2.2.11)
 
 with Me ≠ 0 only inside the sample. In free space, Eq. 2.2.11 reduces to B = μ0 H. The constant μ0 = 1.257 · 10–6 Vs/Am is known as the magnetic permeability of vacuum.
 
 For most (non-ferromagnetic) substances, the electron magnetization Me is proportional to the magnetic field strength H: Me = χH. 
 
 (2.2.12)
 
 Fig. 2.2.24  Lenz’s law. When a circuit is approached to a bar magnet with the magnetic flux density B, a current I is induced in the circuit. This current induces a magnetic dipolar field, which is directed in such a way that it weakens the primary magnetic field. Magnitude and orientation of the dipolar field are described by the magnetic moment μ
 
 The dimensionless proportionality constant χ is called the magnetic susceptibility. For diamagnetic substances, χ is, according to Lenz’s law, always negative and has a very small absolute value (e.g. water: χ = –0.72 · 10–6). When putting a diamagnetic sample into an originally homogeneous magnetic field, a magnetization Me is induced according to Eq. 2.2.12, which itself creates a magnetic field that counters the primary field. Therefore, the field distribution of the magnetic flux density B differs both inside and outside of the sample from the original field distribution.
 
 primary magnetic field (Fig. 2.2.24). If a sample is positioned in an external magnetic field, a current is induced in the electron shell of the atoms and molecules, whose magnetic moment is directed against the external magnetic field, following Lenz’s law. However, in contrast to the electrons within a macroscopic circuit, the electrons
 
 Example: Figure 2.2.25 shows the field distribution of the magnetic flux density B inside and outside of a homogeneously magnetized sphere (χ = constant), which has been brought into an originally homogeneous field B0. Inside the sphere, the magnetic flux density B is given by B = (1+2χ /3) B0. It should be noted, however, that the homogeneously magnetized sphere represents an ideal case in which the B field is homogeneous on
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 by the macroscopic field B, which has been averaged over a small but microscopically large volume surrounding the nucleus. Denoting the perturbation of the mean field B at the position of a nucleus caused by the surrounding electrons of the molecule by ΔB, we get the relation Blok = B + ΔB. 
 
 Fig. 2.2.25  Variation of the magnetic field by a diamagnetic sphere. Distribution of the B field inside and outside a homogeneously magnetized sphere, which was positioned in an originally homogeneous magnetic field. It should be noted, however, that field variations caused by biological tissue are markedly weaker than illustrated here
 
 its inside, whereas in general, the B field is also inhomogeneous inside the object.
 
 The discussion provides three important aspects with respect to MR examinations of humans: • The distribution of the magnetic flux density B in the human body depends on the position, size, form, and magnetic susceptibility of all tissues and organs of the body. • At the interface between tissues with different magnetic susceptibilities, there are local field inhomogeneities. • The distortion of the external magnetic field caused by the body adds to the technical imperfections of the external field B0. In MRI, susceptibility-related inhomogeneities of the static magnetic field inside the body are obviously unavoidable and can result in image artifacts. In spectroscopic examinations, however, this problem can be reduced by acquiring only MR signals from small, morphologically homogeneous tissues regions. Furthermore, one has the possibility to locally adjust the B field by means of external shim coils generating a weak additional magnetic field, so the homogeneity within the examined region fulfils the demands. When speaking of the homogeneity of the B field within a given region of the body, this relates to the average macroscopic field; on the microscopic scale, the magnetic field is always inhomogeneous. 2.2.8.2  Microscopic Effect: Chemical Shift The Larmor frequency of a nucleus is determined by the local magnetic field Blok at the position of the nucleus, not
 
 (2.2.13)
 
 As experimental and theoretical investigations have shown, the small local field perturbation ΔB is proportional to the macroscopic field ΔB = –σB, 
 
 (2.2.14)
 
 which yields the following expression for the resonance frequency of the nucleus, considered ω = γ Blok  = γ(1–σ)B. 
 
 (2.2.15)
 
 The dimensionless “shielding constant” σ gives the relative resonance frequency shift that is independent of the magnitude of the magnetic field. This shift depends on the distribution of the electrons around the nucleus and thus has different values in different molecules. Remark: The magnitude of the additional field ΔB at the position of a nucleus generally depends on the orientation of the molecule relative to the macroscopic field B. In molecules that rotate rapidly, such as in fluids and soft tissues, the chemical shift anisotropy vanishes, so the quantity σ in Eq. 2.2.14 could be defined as a direction-independent constant. This quantity describes the shielding effect of the electron shell averaged over all spatial directions.
 
 As the absolute value of the frequency shift cannot easily by measured, it is usually determined relative to the resonance frequency ωR of a reference substance. The difference (ω – ωR) of the resonance frequencies is expressed as dimensionless constant
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 (2.2.16)
 
 relative to the frequency ω0 = γB0 of the MR system in parts per million (ppm). The chemical shift δ provides information about how the atom with the nucleus under study is bonded in the molecule and thus makes MR spectroscopy a powerful tool for the determination of the structure of molecules as well as for the investigation of biochemical processes. For the 1H nucleus, which is surrounded by only one electron, the chemical shift is about 10 ppm; for atoms with several electrons (e.g., 13C, 19F, and 31P) it can amount to several hundreds of ppm. To resolve these small differences in frequency it is necessary to use a strong and homogeneous static magnetic field (B0 ≥ 1.5 T, ∆B/B0 < 0.1–0.5 ppm depending on the nucleus).
 
 2.2  Physical Basics Example: Figure 2.2.26 shows the 1H spectrum of ethanol (CH3–CH2–OH). Due to the different chemical surroundings of the protons in the hydroxyl, methylene, and methyl group, the spectrum shows three different resonance lines. The ratio of the areas under the resonance lines is 1 : 2 : 3 and thereby corresponds to the number of protons in the three groups.
 
 References 1.
 
 2.
 
 Bottomley PA, Foster TH, Argersinger RE, Pfeifer LM (1984) A review of normal tissue NMR relaxation times and relaxation mechanisms from 1 to 100 MHz: dependence on tissue type, NMR frequency, temperature, species, excision, and age. Med Phys 11:425–448 Harris RK (1986) Nuclear magnetic resonance spectroscopy. Longman Scientific Technical, Harlow
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 Fig. 2.2.26  Proton MR spectrum of ethanol (CH3–CH2–OH). The three resonances can be assigned to the protons of the hydroxyl, methylene and methyl groups. The ratio of the area under the resonance curves is 1:2:3 and thereby corresponds to the number of protons in the three groups
 
 Abragam A (1986) Principles of nuclear magnetism. Oxford University Press, London Becker ED (1980) High-resolution NMR. Academic, New York Harris RK (1986) Nuclear magnetic resonance spectroscopy. Longman Scientific Technical, Harlow Hauser KH, Kalbitzer KR (1991) NMR in medicine and biology. Springer, Berlin Heidelberg New York Levitt MH (2001) Spin dynamics: basics of nuclear magnetic resonance. Wiley, New York Slichter CP (2006) Principles of magnetic resonance, 3rd edn. Springer, Berlin Heidelberg New York Tokyo
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 where the proportionality constants Gx, Gy, and Gz describe the magnitude or steepness of the orthogonal gradient fields.
 
 2.3  Image Reconstruction G. Brix If the object to be imaged, such as the human body, is divided into small cuboidal volume elements (i.e., voxels), the task in MR imaging is to distinguish the signal contributions of the voxels to the detected summation signal from one another and to present them in form of sectional images (tomograms). This can be achieved by superimposing the homogeneous magnetic field B0 by an additional magnetic field with a well-defined dependence on the spatial position, so the Larmor frequency of the MR signal becomes a function of space. 2.3.1  Magnetic Gradient Fields In practice, image reconstruction is achieved almost exclusively by means of magnetic gradient fields. These are three additional magnetic fields B x, B y, and B z, whose field vectors point toward the z-direction and whose field strengths depend linearly on the spatial position x, y, or z, respectively (Fig. 2.3.1). If the z-components of the three magnetic gradient fields are denoted by Bx, By, and Bz, the fields can be expressed as Bx = Gx x, By = Gy y , and Bz = Gz z, 
 
 (2.3.1)
 
 Fig. 2.3.1  Gradient fields. For image reconstruction, the homogeneous magnetic field B0 shown in a is superimposed by additional magnetic fields Bx, By, and Bz, so-called gradient fields, the field vector of which points into the z-direction and the magnitude of which (length of the black arrows) depends linearly on the spatial coordinate x, y, and z, respectively. b and c show the field distributions in case the field B0 is superimposed by a gra-
 
 Remark: The magnetic gradient fields are shortly denoted as x-, y-, or z-gradients. What is meant are magnetic fields B x, B y, and B z, the magnitude of which varies linearly along the x-, y-, or zaxis, respectively (see Fig. 2.3.1).
 
 In order to avoid image distortions, the magnitude of the gradients has to be chosen in such a way that the local field variations are markedly greater than the local inhomogeneities of the main magnetic field B0; typical values are between 1 and 50 mT/m. Technically, the gradient fields B x, B y, and B z are produced by three coil systems (gradient coils), which can be operated independently from one another. Example: Assuming a patient diameter in the x-direction of X = 30 cm, a magnetic flux density of the static field of B0 = 1 T, and a gradient strength of Gx = 10 mT/m, the magnetic field B = B0 + Gx x will increase within the patient (–X/2 ≤ x ≤ + X/2) linearly from 0.9985 to 1.0015 T.
 
 In MR imaging, the magnetic gradient fields are used in two different ways: • For selective excitation of the nuclear spins in a partial body region (e.g., a slice). • For position encoding within an excited partial body region (e.g., a slice).
 
 dient field B y and B z, respectively. The open arrows indicate the direction of the field variation, whereas the constants G  y and G z represent the magnitude of the field variation per unit of length. If the z-components of the two magnetic gradient fields are given by B y and B z, then the gradient strengths are defined by G y = ΔB y/Δy and G z = ΔB z/Δz, respectively
 
 2.3  Image Reconstruction
 
 2.3.2  Slice-Selective Excitation An MR signal can principally only be detected from the volume in which the nuclei have been excited before by an RF pulse. This fact is used in planar imaging methods, in order to reduce the primarily 3D reconstruction problem to a 2D one by selectively exciting only nuclei in a thin slice of the body. Remark: Depending on the type of the selectively excited partial body volume, one distinguishes between single-point, line, planar, and volume sampling strategies (Fig. 2.3.2). As the intensity of the detected MR signal is proportional to the number of nuclei within the excited volume, the different strategies markedly differ in the time required for the acquisition of qualitatively comparable MR images. Due to the long measurement time, single-point and line scanning techniques have not been successful in clinical practice.
 
 In order to excite a distinct slice of the body selectively, the homogeneous static magnetic field B0 is superimposed with a gradient field (slice-selection gradient) that varies perpendicular to the slice, i.e., for an axial slice a gradient field in longitudinal direction of the body. Due to this superposition, the Larmor frequency ω of the nu-
 
 clei varies along the direction of the gradient. If we consider, for instance, a z-gradient with magnitude Gz, the Larmor frequency is given by (see Fig. 2.3.1c): ω(z) = γ(B0 + Gz z). 
 
 (2.3.2)
 
 Consequently, an object slice z1 ≤ z ≤ z2 is characterized by a narrow frequency interval γ(B0 + Gz z1) ≤ ω ≤ γ(B0 + Gz z2). If one irradiates an RF pulse, the frequency spectrum of which coincides with this frequency range, only the nuclei within the chosen slice will be excited (Fig. 2.3.3). For the definition of a body slice, this has two implications: • The width d = z2 – z1 of the slice can be varied by changing either the bandwidth of the RF pulse, i.e. the width of the frequency distribution, or the gradient strength Gz. • The position of the slice can be altered by shifting the frequency spectrum of the RF pulse. The practical realization of the concept of slice-selective excitation requires not only the shape of the RF pulse but also the switching mode of the slice-selection gradient to be carefully optimized:
 
 Fig. 2.3.2  Imaging strategies. a Single-point, b line, c planar, and d volume scanning of a sampling object. In each case the excited partial volumes are marked in gray
 
 Fig. 2.3.3  Principle of slice-selective excitation. The main magnetic field B0 is superimposed with a magnetic gradient field Bz = Gzz in z-direction (slice-selection gradient), so the Larmor frequency ω(z) = γ(B0 + Gz z) of the nuclei depends linearly from the spatial coordinate z. The slice z1 ≤ z ≤ z2 within the object is thus unambiguously described by the frequency interval ω(z1) ≤ ω(z) ≤ ω(z2). If one irradiates an RF pulse with a frequency spectrum that corresponds to this frequency interval, only the nuclei within the chosen slice will be excited
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 2.3.3  Principle of Spatial Encoding within a Partial Volume: Projections After selective excitation of a partial body region, the MR signal from each voxel within this volume, e.g., a slice, needs to be spatially encoded. This can be achieved by two techniques: frequency and phase encoding of the MR signal. The principle of both encoding techniques will be explained in the following by the example of an axial slice parallel to the x–y-plane. For the sake of simplicity, relaxation effects are neglected in this connection. 2.3.3.1  Frequency Encoding
 
 Fig. 2.3.4  Pulse modulation and gradient refocusing. a In order to obtain an approximately rectangular slice profile, one uses an RF pulse, the envelope of which is not rectangular but modulated in time. b If one dissects a thicker slice of the object into several thin subslices, an optimized RF pulse will deflect the magnetization of each subslice by the same angle from the z-direction, but the magnetization components are dephased after RF excitation, because the Larmor frequencies in the subslices differ. If a 90° pulse with duration tp is used for slice-selective excitation, then the dephasing effect can be compensated in good approximation by inverting the gradient field after excitation for the duration tp/2
 
 • Pulse modulation: As shown in Fig. 2.2.10, the frequency spectrum of a rectangular RF pulse consists of several frequency bands with varying intensities. If such a pulse is used for the RF excitation, the profile of the excited slice is defined insufficiently. In order to obtain a uniform distribution of the transverse magnetization over the slice width, the shape of the selective RF pulse is modulated so that the frequency spectrum becomes as rectangular as possible (“sinc pulse,” see Fig. 2.2.23a). • Compensation gradients: If one imaginatively dissects an object slice into several thin subslices, then the magnetization components of all subslices will be deflected by the same angle from the z-direction when an optimized RF pulse is used for slice-selective excitation. However, the magnetization components will be dephased at the end of the excitation period tp, since the Larmor frequencies of the distinct subslices differ from one another as the slice-selection gradient is switched on. This effect can be compensated by reversing the polarity of the gradient field for a well-defined period after RF excitation (Fig. 2.3.4b).
 
 If the body to be imaged is placed in a homogenous magnetic field with the flux density B0, the magnetization components of all voxels in the excited slice will precess with the same frequency around the direction of the B0 field. Thus, the frequency spectrum consist of only a single resonance line at the Larmor frequency ω0 = γ B0 —it does not contain any spatial information. However, if a magnetic gradient field, e.g., Bx = Gxx, is switched on during the acquisition phase of the MR signal (Fig. 2.3.5),
 
 Fig. 2.3.5  Readout or frequency-encoding gradient. In frequency encoding, the main magnetic field B0 is superimposed with a gradient field (here Bx + Gx x) during the acquisition of the RF signal, so the precession frequency of the transverse magnetization in the selectively excited slice becomes a function of the coordinate x
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 the Larmor frequency is related to the position x (see Fig. 2.3.1) by the resonance condition ω(x) = γ(B0 + Gx x). 
 
 (2.3.3)
 
 Or in other words, nuclei in parallel strips oriented perpendicular to the direction of the readout (or frequencyencoding) gradient will experience a different magnetic field and thus contribute with different Larmor frequencies ω(x) to the detected MR signal of the excited slice— the spatial information is encoded in the resonance frequency. In order to determine the contribution of the distinct frequency components to the summation signal, a Fourier transformation of the measured FID has to be performed (cf. Sect. 2.2.6). The intensity I(ω) of the resulting spectrum at the frequency ω is proportional to the number of nuclei precessing with this frequency, i.e., to the number of nuclei that are according to Eq. 2.3.3 at the position x = (ω – γB0) / γ Gx. The frequency spectrum of the FID signal therefore gives the projection of the spin density distribution in the excited slice onto the direction of the readout gradient (Fig. 2.3.6). Remark: When explaining the concept of frequency encoding, we assumed that there is only one resonance line in the frequency spectrum of the excited body region in the absence of the readout gradient. If this assumption is not fulfilled, i.e., if the spectrum contains several resonance lines due to chemical shift effects described in Sect. 2.2.8.2, then these frequency shifts will be interpreted by the decoding procedure (i.e., the Fourier analysis) of the FID signal as position information. Consequently, the spin density projections of molecules with different chemical shifts are shifted in space against one another. In 1H imaging, the situation is rather easy, as only two dominant proton components contribute to the MR signal of the organism, the protons of the water molecules and those of the CH2 group of fatty acids. As the resonance frequencies of the two components differ by about 3.5 ppm (Fig. 2.3.7), fat- and water-containing structures of the body are slightly shifted against one another in readout direction. This chemical-shift artifact becomes apparent predominantly at the interfaces between fat- and water-containing tissue.
 
 Fig. 2.3.6  Principle of frequency encoding. If the FID signal from a slice is measured in the presence of a gradient field Bx = Gx x (see Fig. 2.3.5), then nuclei in strips oriented perpen dicular to the direction of the gradient contribute with different Larmor frequencies ω(x) = γ(B0 = Gx x) to the measured MR signal. The contribution I(ω) of the distinct frequency components to the summation signal can be calculated by a Fourier transformation of the FID signal. As the intensity I(ω) of the resulting spectrum at the frequency ω is, on the one hand, proportional to the number of nuclei precessing with this frequency, and, on the other hand, the spatial information is encoded in the frequency, the Fourier transformation yields the projection of the spin density distribution within the considered object slice on the direction of the readout gradient
 
 From a technical point of view, the FID signal S(t) can only be sampled and stored in discrete steps over a limited period of time tAQ. Consequently, there is only a limited number N = tAQ  /Δt of data points S(Δt), S(2Δt), S(3Δt), …, S(NΔt) 
 
 (2.3.4)
 
 that can be used for Fourier transformation. Due to this reason, the spatial sampling interval Δx of the spin density projection is limited too. The following relations hold between the number N of data points, the maximum object size X, the spatial sampling interval Δx, the temporal
 
 Fig. 2.3.7  In vivo 1H spectrum of a human thigh at 1.5 T. The two resonance lines can be attributed to protons in water and in the CH2 groups of fatty acids
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 sampling interval ∆t, and the gradient strength Gx (sampling theorem): Δx = X / N = 2π  / γGx NΔt. 
 
 (2.3.5)
 
 Example: If the FID signal is sampled 256 times at ∆t = 30 µs in the presence of a magnetic gradient field of the strength Gx = 1.566 mT/m, then the resolution along the x-axis is ∆x = 1.953 mm, and the maximum object size that can be imaged is X = NΔx = 50 cm.
 
 With frequency encoding, the MR signal is sampled at discrete points in time tn = nΔt (1 ≤ n ≤ N). According to Eq. 2.3.3, the transverse magnetization at the position x precesses under the influence of the readout gradient until the time tn by the angle φn (x) = (γGxx)tn. 
 
 (2.3.6)
 
 The spatial information is therefore encoded via the frequency ω(x) in the phase angles φn(x) (1 ≤ n ≤ N). However, the same phase angles can be realized by increasing the gradient strength Gnx = nΔGx in equidistant steps ΔGx at a fixed switch-on time of the gradient. This equivalent approach is called phase encoding. 2.3.3.2  Phase Encoding The concept of phase encoding can easily be realized by applying a magnetic gradient field, e.g., Bx = Gxx, for a fixed time tx before the FID signal is detected (Fig. 2.3.8). Under the effect of this phase-encoding gradient, the magnetization at the position x precesses by the phase angle φn (x) = (γ Gx n tx)x = knx. 
 
 (2.3.7)
 
 The parameter kn = γGnx tx = γnΔGx tx is named spatial frequency. After switching off the phase-encoding gradient, the magnetization components of the voxels in the slice precess again with the original, position-independent Larmor frequency ω0 = γB0 around the direction of the B0 field—now, however, with position-dependent phase angles φn (x). This is to say, in phase-encoding, all magnetization components of the excited voxels contribute to the detected MR signal with the same frequency ω0, but with differing phases φn (x). In order to calculate the projection of the spin density distribution in the slice onto the direction of the phase-encoding gradient, the chosen sequence is repeated N times with different spatial frequencies kn = n(γ ΔGx tx) = nΔk (1 ≤ n ≤ N) (Fig. 2.3.9). However, in contrast to frequency encoding, during phase encoding not the entire FID is sampled, but only the MR signal S(kn, t0) at a definitive time t0. After N measurements (sequence cycles), the spin density projection can be calculated by a Fourier transformation of the acquired data set
 
 Fig. 2.3.8  Phase-encoding gradient. In phase encoding, a gradient field (here Bx = Gxx), the magnitude of which is increased in equidistant steps ∆Gx at each sequence cycle, is switched on for a fixed time tx before the FID signal is acquired.
 
 S(Δk, t0), S(2Δk, t0), S(3Δk, t0), …, S(NΔk, t0). 
 
 (2.3.8)
 
 Even though both encoding-techniques described are absolutely equivalent from a mathematical point of view (see Fig. 2.3.10), they differ considerably with regard to the time needed to acquire the data sets given in Eqs. 2.3.4 and 2.3.8 for the calculation of the spin density projection: whereas frequency encoding only requires one single sequence cycle, phase-encoding needs to repeat the sequence N times. Remark: In practice, this difference in the measurement times renders the phase-encoding technique especially vulnerable to movements (of the patient, blood flow, liquor pulsation, etc.). On the other hand, however, phase encoding does not show any chemical shift artifacts.
 
 2.3.4   Methods of Image Reconstruction in MRI In practical MRI, techniques of image reconstruction have prevailed that merely differ only in the way the aforementioned techniques of selective excitation and spatial encoding are combined.
 
 2.3  Image Reconstruction Fig. 2.3.9  Principle of phase encoding (displayed in the rotating frame). As shown in Fig. 2.3.8, a phase-encoding gradient Gx is switched on for a fixed time tx before the FID signal is acquired (AQ). a–d The sequence is repeated several times at equidistantly increasing gradient strengths. Under the influence of the gradient field Bx = G xx, the magnetization components of the different voxels in the slice precess with different Larmor frequencies. If the gradient is switched off after the time tx, all components rotate again with the original, position-independ ent frequency ω0 = γB0 around the direction of the B0 field. However, magnetization components which precess more quickly during the operating time tx of the gradient field, will maintain their advance compared with the slower ones. This advance is described by the phase angle φ(x) = γGxxtx of the different magnetization components. The figure shows the dependence of the phase angle φ(x) on the gradient strength Gx and the spatial coordinate x schematically for four different gradient strengths (Gx = 0, ∆Gx, 2 ∆Gx, and 3∆Gx) and three adjacent voxels (with the magnetization vectors M0, M1, and M2). As shown in b, the magnetization M1 will rotate at the position x1 under the influence of the gradient field by the phase angle φ (x1) = 45° and the magnetization M2 at the position x2 by the phase angle φ (x2) = 90°
 
 2.3.4.1  Projection Reconstruction Method This method, which P. Lauterbur used in 1973 to generate the first MR image, is based on a technique of image reconstruction used in computed tomography. Its basic idea is easy to understand: if projections of the spin density distribution of an object slice are available for various viewing angels Φn (1 ≤ n ≤ N), the spin density distribution in the slice can be reconstructed by “smearing back” the (filtered) profiles over the image plane along their viewing directions (Fig. 2.3.11). This approach can be implemented easily by making use of the frequency-encoding technique by repeating the sequence shown in Fig. 2.3.5 several times while rotating step by step the direction of the readout gradient in
 
 the slice plane. In order to reconstruct a planar image of N × N picture elements (pixel), a minimum of N projec tions with N data points each is needed. The stepwise rotation of the readout gradient by the angle ΔΦ = 180°/N is performed electronically by a weighted superposition of two orthogonal gradient fields. The projection reconstruction method is easy to understand, but both mathematical description and data processing are rather complex. Furthermore, it carries the disadvantage that magnetic field inhomogeneities and patient movements result in considerable image artifacts. Due to these reasons, the Fourier techniques described in the following sections are preferred for the reconstruction of MR images.
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 Fig. 2.3.10  Comparison between frequency and phase encoding. With both encoding techniques, the transverse magnetizations of all voxels within the excited slice contribute to the detected MR signal; the spatial information is encoded in both cases by the different phase of the magnetization components, which was formed by the influence of a magnetic gradient field (here Bx = Gxx) up to the moment of signal detection. In order to calculate the projection of an object onto the direction of the gradient, the MR signal S has to be measured N times (e.g., N = 128 or 256), with the phase difference between the magnetization components of the different voxels varying in a well-defined way form measurement to measurement. The difference between the two encoding techniques merely consists in the technique with which the data set {S1, S2, . . . , SN} is acquired. a With frequency encoding, the MR signal is sampled at equidistant time steps ∆t in presence of a constant gradient field (in the figure ∆Gx). As the magnetization components of the voxels within the excited slice steadily dephase under the influence of the gradient field, there is a different phase difference between them at every point in time tn = n∆t (1 ≤ n ≤ N), so the whole data set {S1, S2, . . . , SN} can be detected by a single application of the sequence. The figure shows the first three values of the signal. It should be noted that only the temporal change of the MR signal caused by the gradient field is shown here, whereas the rapid oscillation of the signal with the Larmor frequency
 
 ω0 = γB0 as well as the T2* decay of the signal is neglected. b With phase encoding, a phase-encoding gradient is switched on for a fixed duration tx before the FID signal is acquired. The magnitude of this gradient is increased at each sequence repetition by ∆Gx. During the switch-on period of the gradient field, the magnetization components of the different voxels precess with different frequencies so that a phase difference is established between them which is proportional to the magnitude of the gradient applied (see Fig. 2.3.9). After switching off the gradient, all components rotate again with the original, position-independent frequency ω0 = γB0 around the direction of the B0 field. In the chosen description, one therefore observes an MR signal Sn that is constant over time. In order to acquire the entire data set {S1, S2, …, SN}, the sequence needs to be repeated N times with different gradient strengths Gx = n∆Gx. The figure shows the dependence of the MR signal from the gradient strength schematically for three different gradient strengths (Gx = 0, ∆Gx, 2∆Gx). If the product of the gradient strength and the switch-on time of the gradient up to the time of signal detec tion is equal in both encoding techniques, the phase difference between the various magnetization components at the time of signal detection is also identical and thus the same MR signal is measured. The product of the two quantities is indicated in the figure by the dark areas
 
 2.3  Image Reconstruction Fig. 2.3.11  Reconstruction by back projection. The figure shows three different projections of two objects in the field of view. If many projections are acquired at different viewing angles, an image can be reconstructed by (filtered) back projection of the profiles. For the measurement of the various projections, the frequency-encoding technique is used, with the readout gradient rotating step by step
 
 2.3.4.2  2D Fourier Method In the planar version of Fourier imaging, just as in projection reconstruction, the spins in a slice are selectively excited by an RF pulse in the first step. Afterwards, however, spatial encoding of the spins in the slice is not done by a successive rotation of a readout gradient, but by a combination of frequency and phase encoding using two orthogonal gradient fields. If we consider an axial slice parallel to the x–y-plane, then these gradients are Gx and Gy (Fig. 2.3.12). The sequence is repeated N times for different values of the phase-encoding gradient Gxn = nΔGx (1 ≤ n ≤ N), with the MR signal being measured M times during each sequence cycle at the times tm = mΔt (1 ≤ m ≤ M) in the presence of the readout gradient Gy. Thus, one obtains a measurement value for each combination (kn, tm) of the parameters kn = γnΔGx tx and tm = mΔt, i.e., a matrix of N × M data points. A 2D Fourier trans formation of this data set, the so-called hologram or kspace matrix (see Fig. 2.4.26), yields the MR image of the slice with a resolution of N × M pixels. 2.3.4.3  3D Fourier Method In order to extend the 2D Fourier method to a 3D one, the slice-selection gradient is replaced by a second phaseencoding gradient as shown in Fig. 2.3.13. This means that the RF pulse excites all spins in the sensitive volume of the RF coil and that the spatial information is encoded exclusively by orthogonal gradients—by two phase-encoding gradients and one frequency-encoding gradient. The spatial resolution in the third dimension is defined by the strength of the related phase-encoding gradient and the number K of the phase-encoding steps. Depending
 
 Fig. 2.3.12  Typical pulse and gradient sequence in 2D Fourier imaging. Gz is the slice-selection gradient, Gx the phase-encoding gradient, and Gy the readout gradient
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 matted, which offers—among others—the possibility to look at an organ or a body structure from various viewing directions. 2.3.4.4  Alternative k-Space Sampling In addition to the described conventional fashion of filling the k-space in Fourier imaging, there are a number of alternative strategies. • Spiral acquisition. As will be described later, the EPI sequence is commonly using an oscillating frequency– encoding gradient. If both, the phase encoding as well as the frequency-encoding gradient are oscillating with increasing gradient amplitudes, the acquired data points will be along a spiral trajectory through k-space. That is why such an acquisition is called spiral EPI. • Radial acquisition. If the direction of the frequencyencoding gradient is rotated as described in Sect. 2.3.4.1, the k-space trajectories will present a star. • Blade, propeller, multivane. These hybrid techniques sample k-space data in blocks (so-called blades) each of which consists of some parallel k-space lines. In order to successively cover the entire k-space, the direction of the blades is rotated with a fixed radial increment. This sampling strategy offers some advantages. Since each blade contains data points close to the center of the k-space, patient movements can, for example, be easily detected and corrected.
 
 Fig. 2.3.13  Typical pulse and gradient sequence in 3D Fourier imaging. Gx and Gy are the phase-encoding gradients and Gz the readout gradient
 
 on the choice of these parameters, the voxels have a cubic or cuboidal shape (isotropic or anisotropic resolution). In order to acquire a 3D k-space matrix with N × M × K independent measurement values, the imaging sequence needs to be repeated N × K times. Example: Using a standard sequence, the repetition time TR is typically of the order of the spin-lattice relaxation time T1, to allow the longitudinal magnetization to relax at least partially before the next RF pulse is irradiated. For instance, if one assumes TR = 500 ms and an image resolution of 256 × 256 × 64 voxels, one obtains a measurement time of 136 min. 3D imaging is thus only feasible with fast imaging sequences (see Sect. 2.4.3).
 
 A 3D Fourier transformation of the acquired 3D k-space matrix yields the 3D image data set of the partial body region excited by the RF pulse. Based on this image data set, multiplanar images in any orientation can be refor-
 
 To reconstruct MR images from alternative k-space trajectories by means of a conventional 2D or 3D Fourier transformation, it is necessary to re-grid the sampled kspace data to a rectangular grid. 2.3.5  Multiple-Slice Technique Data acquisition by 2D imaging techniques can be carried out very efficiently when considering the fact that the time required for slice-selective excitation, spatial encoding, and acquisition of the MR signal is much shorter than the time needed by the spin system to relax at least partially after RF excitation, before it can be excited once again. The long waiting periods can be used to excite—in a temporally shifted manner—adjacent slices and to detect the spatially encoded MR signal from these slices. Thus, MR images from different parallel slices can be acquired simultaneously without prolongation of the total acquisition time (Fig. 2.3.14). Example: Let us consider that 50 ms are needed for excitation, spatial encoding, and data acquisition per sequence cycle and that the sequence is repeated after TR = 1,000 ms. Then MR data from 20 adjacent slices can be acquired simultaneously without prolonging the measurement time.
 
 2.3  Image Reconstruction Fig. 2.3.14  Principle of the multiple-slice technique. In most 2D imaging sequences, the time T required for slice-selective excitation, spatial encoding, and detection of the MR signal is markedly shorter than the repetition time TR. The long waiting periods can be used to subsequently excite spins in parallel slices and to detect the spatially encoded signals from these slices
 
 Fig. 2.3.15  Consideration of the slice profile by the multiple– slice technique. The profile of a slice is generally not rectangular but rather bell shaped. The thickness (TH) of the slice is therefore usually defined by the full-width at half-maximum. In order to prevent overlapping of adjacent slices in the multiple-slice technique, a sufficient gap (G) between the two adjacent slices has to be chosen (G ≥ TH). Often the distance (D = G + TH) between the slices is indicated instead of the gap G. Images from adjacent slices can be detected without overlap by using in a first step a sequence that acquires data from the even slices and in a second step a sequence that acquires data from the odd slices. In both measurements, the gap G should be identical with the slice thickness TH (D = G + TH = 2TH)
 
 However, when using the multiple-slice technique, one has to consider that the distance between slices may not be too small, as the slice profile usually is not rectangular, but bell shaped. In order to avoid repeated excitation of spins in overlapping slice regions, the gap between adjacent slices should correspond approximately to the width of the slice itself. Images from adjacent slices can be obtained in an interleaved manner by applying the sequence twice: in the first measurement, data are acquired from the odd slices and in the second from the even slices (Fig. 2.3.15).
 
 Suggested Reading 1. 2.
 
 3. 4.
 
 Barrett HH, Myers K (2004) Foundations of image science. Wiley, New Jersey Haacke EM, Brown RW, Thompson MR, Venkatesan R (1999) Magnetic resonance imaging: physical principles and sequence design. Wiley, New York Oppelt A (2005) (ed) Imaging systems for medical diagnostics. Publicis MCD, Erlangen Vlaardingerbroek MT, den Boer JA (2004) Magnetic resonance imaging: theory and practice. Springer, Berlin Heidelberg New York
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 2.4  Image Contrasts and Imaging Sequences G. Brix, H. Kolem, and W.R. Nitz 2.4.1  Image Contrasts 2.4.1.1  Contrast Determinants and Optimization in MRI The main advantage of MR imaging, apart from the flexibility in slice orientation, is the excellent soft-tissue contrast in the reconstructed MR images. It is based on the different relaxation times T1 and T2 of the tissues, which depend on the complex interaction between the hydrogen nuclei and their surroundings. Compared to that, differences in proton densities (PD) are only of minor relevance, at least when considering soft tissues. Remark: The term proton density in MR imaging designates only those hydrogen nuclei whose magnetization contributes to the detectable image signal. Essentially, this refers to hydrogen nuclei in the ubiquitous water molecules and in the methylene groups of the mobile fatty acids (see Sect. 2.3.3.1 and Fig. 2.3.7). Hydrogen atoms, which are included in cellular membranes, proteins, or other relatively immobile macromolecular structures, usually do not contribute to the MR signal; their FID signal has already decayed to zero at the time of data acquisition (T2 > T1 and TE > T1
 
 TE > T1 and TE > T1), to allow the recovery of a considerable longitudinal magnetization after RF excitation. The maximum range of values of the T1 factor is between –1 and +1, thus being double the range of values of the SE sequence. There are two types of IR sequences depending on signal interpretation: If only the absolute values of the signal are considered (magnitude reconstruction, IRM), the range of values is limited de facto to the interval between 0 and 1, as in the SE sequence. If this mode of data representation is chosen, then the T1 factor will initially decrease to 0 and then converges toward the equilibrium magnetization M0. Figure 2.4.7 shows the dependence of the T1 factor from the inversion time TI for both possible modes of data representation for white and gray brain matter (TR = 3,000 ms). As this example reveals, the neglect of the sign of the T1 factors in the absolute value representation leads to a destructive T1 contrast behavior in the region between the zeros of both T1 functions
 
 Fig. 2.4.7  T1 dependence on the IR signal intensity. Plotted is the T1 factor [1 – 2 exp(– TI/T1) + exp(– TR / T1)] of the IR signal equation for white (WM) and gray (GM) brain matter as a function of the inversion time TI for a fixed repetition time of TR = 3,000 ms for two different modes of data representation: a by considering and b by neglecting the sign of the longitudinal magnetization Mz. If the last-mentioned mode of data representation is used, there will be a destructive T1 contrast behavior in the region between the zeros of the two tissue curves. The T1 contrast maximum in the considered case is at TI ~ 760 ms, i.e., in between the T1 times of the two tissues considered (see Table 2.4.1)
 
 considered. An IR sequence differentiating between parallel or antiparallel alignment of the longitudinal magnetization at the time of the excitation pulse is called phase sensitive. For evaluation of the tissue contrast, the PD and T2 dependence of the image signal SIR needs to be included in the considerations, too. Figure 2.4.8 demonstrates this with an example. In this figure, the tissue contrast between white and gray brain matter is plotted as a function of the echo time TE for TI = 800 ms and TR = 2,400 ms. For the chosen TI value, there is a reversal behavior of the T1 and T2 contrast, as the relaxation times of the two tissues
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 Fig. 2.4.8  Influence of the acquisition parameters TI and TE on the contrast behavior of the IR sequence (absolute value representation). The figure shows the interplay of the longitudinal and transversal relaxation for this sequence at the example of white (WM) and gray brain matter (GM) for a fixed inversion time TI = 800 ms and a fixed repetition time TR = 2,400 ms. The left part shows the temporal evolution of the longitudinal magnetization Mz during the inversion phase (0 ≤ t ≤ TI). At t = TI,
 
 the partially relaxed longitudinal magnetization is flipped into the x–y-plane by the 90° excitation pulse. The T2 relaxation of the resulting transversal magnetization Mxy is plotted in the right part as a function of the echo time TE. In the case considered, there is a reversal behavior of the T1 and T2 contrast, so that the contrast between the two brain tissues rapidly reduces with prolonged echo time. Note that the detected MR signal is directly proportional to the transversal magnetization Mxy
 
 examined are positively correlated, i.e., the substance with the longer T1 time also has a longer T2 time. In order to fully grasp the complex interplay between the different tissue and acquisition parameters as a whole, the image contrast between white and gray brain matter is plotted in Fig. 2.4.9 as a function of both the inversion time TI and the echo time TE.
 
 tissue to be suppressed is approximately 0 (Fig. 2.4.7). For TR > 3TI, the corresponding TI value can be estimated by TI = T1 · ln 2.
 
 Example: In the case considered, the T1 contrast assumes a maximum for TE = 20 ms at TI = 620 ms. Figure 2.4.10a shows the corresponding T1-weighted IR image (TR /TI /TE = 2,400/600/20). Compare this image with the T1-weighted SE image shown in Fig. 2.4.5. The two images differ mainly in that the gray matter is not represented in the IR image as the T1 factor of gray matter is approximately 0 for TI = 600 ms (see Fig. 2.4.7).
 
 The influence of the acquisition parameters TE, TI, and TD on the contrast of an IR image is summarized in Table 2.4.3. In order to maximize the T1 contrast (T1-weighted image), the TI time should be between the T1 times of the two tissues considered, and the echo time TE should be chosen as short as possible. As even for the acquisition of T1-weighted images, relatively long repetition times are needed (TD >> T1), the IR sequence requires much more time than the SE sequence. Advantages occur mainly when the image signal of a given tissue structure shall be suppressed, e.g., the retrobulbar fatty tissue for the evaluation of the optic nerve. In this case, the acquisition parameter TI needs to be chosen so that the T1 factor of the
 
 Example: At a magnetic flux density of 1.5 T, the T1 time of fatty tissue is about 260 ms (see Table 2.2.2), so fatty tissue structures are not displayed in the IR image at a TI value of 180 ms (Fig. 2.4.10b). At lower flux densities, the corresponding TI value is somewhat lower. Remark: An IR sequence with a very short TI time is called STIR (short-tau inversion recovery) sequence. If the TI time is selected to suppress the signal from liquor, the sequence is called FLAIR (fluid-attenuated inversion recovery).
 
 Table 2.4.3  Influence of the sequence parameters TE, TI, and TD on the contrast of an IR image (TR = TI + TE + TD) Weighting
 
 Condition
 
 PD
 
 TI >> T1
 
 TD arbitrary
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