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 Foreword
 
 This volume in the Academic Press Electromagnetism series presents a self-contained introduction to magnetic resonance imaging (MRI). This technology has been evolving at a remarkable pace and it has become a very valuable and even indispensable diagnostic tool in various areas of medicine. This remarkable expansion of MRI technology has been achieved as a result of coordinated progress in such areas as physics of nuclear magnetic resonance, invention of novel image acquisition and image reconstruction techniques and development of sophisticated MRI instrumentation. Thus, it is becoming increasingly important to give the exposition of MRI technology with the emphasis on its interdisciplinary nature. This is exactly what the author of this book has accomplished. This is a short and concise book t hat nevertheless covers an extraordinary amount of technical information. It is intended for readers without extensive experience in the area of MRI technology. It reviews the basic underlying physical principles of nuclear magnetic resonance by and large within the framework of classical electromagnetism. The book also covers the main MRI imaging techniques with the emphasis on such topics as image contrast, signal-to-noise ratio, image artifacts, rapid imaging, and flow imaging. The final chapter of the book contains a brief discussion of MRI instrumentation. I believe that this book will be very attractive as a clear and concise introduction to the MRI technology. As such, it will be a valuable reference for beginners and practitioners in the field. Physicists, radiologists, electrical and biomedical engineers will find this book very informative. Isaak Mayergoyz, Series Editor xi
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 Introduction
 
 Since its first implementation by Lauterbur [1], Magnetic Resonance Imaging (MRI) has become an important noninvasive imaging modality. MRI has found a number of applications in the fields of biology, engineering, and material science. Because it provides unique contrast between soft tissues (which is generally superior to that of CT) and high spatial resolution, MRI has revolutionized diagnostic imaging in medical science. An important advantage of diagnostic MRI as compared to CT is that the former does not use ionizing radiation. MRI is based on the phenomenon of Nuclear Magnetic Resonance (NMR), independently discovered by Bloch et al. [2] and Purcell et al. [3]. Although the potential of NMR spectroscopy was recognized almost immediately and its development started soon after the discovery of NMR, it took more than two decades to implement NMR-based imaging. Even after the pioneering work by Lauterbur and the development of basic imaging techniques by Kumar et al. [4] and Mansfield [5], several more years were required to design and develop imaging hardware at the level necessary to produce high-quality diagnostic images of the human body. Despite its relatively slow beginning, MRI has become an indispensable diagnostic tool since the early 1980s. The foundation of the NMR phenomenon is the interaction between an external magnetic field and nuclei which have a nonzero magnetic moment. According to the classical theory of electromagnetism, the motion of individual nuclear moments in a static magnetic field B0 is a precession about B0 at an angular frequency w0, known as the L a r m o r frequency, which is proportional to the strength of the 1
 
 2
 
 Introduction
 
 magnetic field. Another well-known fact is that the energy of interaction with Bo depends on the direction of nuclear moments in such a way that the minimum energy corresponds to the state in which the moments are parallel to Bo. As a result, in thermal equilibrium the majority of nuclear magnetic moments are aligned along the external field. The alignment of magnetic moments gives rise to nonzero magnetization in macroscopic samples of solids, liquids, or gases containing a large number of nuclei (e.g., ~10 23 cm -3 of hydrogen nuclei in water). The NMR phenomenon is observed when a macroscopic sample in a static magnetic field is irradiated by an oscillating magnetic field of frequency w that equals the frequency of precession, Wo. The NMR phenomenon can be best explained by using the arguments put forward by Bloch [6]. Suppose that a macroscopic sample is placed between the poles of a magnet that produces a static magnetic field, Bo. Under the influence of Bo the sample becomes magnetized. In thermal equilibrium the nuclear magnetization in the sample can be expressed as
 
 M=XBo,
 
 (1)
 
 where X is the nuclear susceptibility. Suppose that the sample experiences an oscillating magnetic field B1 produced by an alternating current in a coil encompassing the sample, and assume that the oscillating field is perpendicular to Bo. It can be shown that at resonance, achieved when the frequency of B1 equals Wo, even a weak oscillating field applied as a pulse can rotate the magnetization in the sample and place it in the transverse (i.e., perpendicular to Bo) plane. 1 After the excitation pulse ends, the transverse magnetization in the sample precesses about Bo. During the precession the transverse magnetization decays because of nuclear interactions and nonuniformity of Bo (see Chapter 1). From Faraday's law of induction it follows that the time-varying magnetization induces voltage in the coil. The induced voltage, which identifies the presence of the transverse magnetization in the sample, can be Fourier transformed to obtain a NMR spectrum. For many applications of NMR spectroscopy it is critically important that the observed signal includes contributions from nuclei in different chemical environments (e.g., hydrogen nuclei in water and fat). Such nuclei normally have slightly different frequencies of precession depending on the chemical composition of a sample. NMR spectra
 
 1In contrast, off resonance excitation normally produces negligibly small components of the magnetization in the transverse plane (see Chapter 1).
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 can be used to identify chemically different populations of nuclei and to determine their relative amounts in a sample. We are indebted to F. Bloch for a set of widely used phenomenological equations that describe the dynamics of nuclear magnetization in media [6]. In particular, Bloch has predicted that thermal fluctuations would cause exponential relaxation of the longitudinal (i.e., parallel to B0) magnetization, Mlon, to the equilibrium state in equation (1):
 
 Mlon- ~Bo c<exp(-t/T1),
 
 (2)
 
 where T1 is a characteristic relaxation time. On the other hand, Bloch has suggested that magnetic interactions between neighboring nuclei cause exponential decay of the transverse (i.e., perpendicular to B0) magnetization, Mtr, with a characteristic time constant T2:
 
 Mtr ~ exp(-t/T2).
 
 (3)
 
 Although the Bloch model has important limitations (e.g., it fails to describe NMR in solids), it has proven to work well for liquids and biological systems in general. Throughout this book the Bloch equations (discussed in more detail in Chapter 1) are used as the main tool for analysis of the NMR phenomenon and associated effects important for MRI. The pioneering work of Lauterbur [1] has demonstrated that the NMR signal acquired in the presence of external magnetic field gradients can be used to obtain MR images of the transverse magnetization in the object. The basic effect that makes MRI possible is that in the presence of magnetic field gradients the frequency of precession, w0, becomes spatially dependent. The observed NMR signal is a sum of many signals produced by nuclei at different locations in the sample. Each component of the signal acquired in the presence of magnetic field gradients is characterized by its unique frequency and phase. How can we produce an image from the signal that is given by a sum of different frequency components? To answer this question we need to review the basic concepts of spatial encoding and image reconstruction in MRI. It can be shown (see Chapter 3) that the fundamental relationship between the NMR signal, S, and the transverse magnetization in the imaged object can be expressed as
 
 S(k) cO,
 
 Mx=O
 
 and
 
 My=0,
 
 (1.1.7)
 
 where the z-axis is chosen in the direction of B0. The equation describing magnetization in a system of nuclei with a spin I and gyromagnetic ratio 71 can be written as Mo =
 
 nih27~I(I + 1) B0, 3kT
 
 (1.1.S)
 
 assuming that the energy difference between adjacent Zeeman levels is much smaller than thermal energy of nuclei, that is, h T i B o / k T ~S0, respectively. The 180 degree pulse inverts the y'-components of Pl and P2 (Figure 1.6(c)). By examining the diagram in Figure 1.6(c) we can see that at time 2~- (referred to as the echo time) the magnetic moments would be aligned again and would point in the negative y'-direction in the rotating reference frame (Figure 1.6(d)). Based on the fact that this result is valid for arbitrary moments Pl and P2, we can predict the phenomenon of refocusing of nuclear spins in a macroscopic sample that contains a great number of nuclei. The refocusing of spins manifests itself as a "spin-echo" signal (Figure 1.7). To take into account the effect of internuclear interactions, we can consider the Larmor frequencies of spins as the sums of two components ~macro and ~dmicro, where 02macro is defined by a macroscopic (static) magnetic field in media and Wmicro is defined by microscopic (time-dependent) magnetic fields produced by individual nuclei or by atomic electrons. Refocusing of spins following a 180 degree pulse requires that the Larmor frequencies of spins remain constant before
 
 1.6.
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 Figure 1.7. FID and spin-echo signals produced by a sequence of 90 ~ 180~ r.f. pulses. and after the pulse. In reality these frequencies constantly change due to the presence of microscopic magnetic fields. The 180 degree pulse does not change the irreversible phase dispersion caused by temporal variations in Wmicro, and, therefore, does not alter T2 decay of magnetization. In contrast, the phase dispersion caused by spatial variations in (.,dmacr o is made zero at echo time 2r. Consequently, spin echoes can be used for accurate measurement of T2 relaxation time. For example, in the pulse sequence shown in Figure 1.7 the magnitude of the observed echo signal, S, can be written as S(2T) = S(0)exp(--2r/T2),
 
 (1.6.2)
 
 where S(0) is the signal magnitude immediately after excitation. This equation can be used to calculate T2 from the measured spin-echo signals acquired with different echo times 2r. It is a common practice to use a series of spin echoes created by a train of 180 degree pulses applied after a single excitation pulse. This increases the accuracy of T2 measurements without lengthening the total measurement time. One of the most frequently used pulse sequences for 7'2 measurements, known as the Carr-Purcell-MeiboomGill pulse sequence (CPMG), can be written using the notation {90x,- ~-- 180~,- 2 r - 180~,- 2~-- 180~...}. Notice that in the CPMG sequence the phase of the refocusing 180 degree pulses is shifted by ~/2 with respect to the phase of the excitation pulse [9]. It can be
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 shown t h a t the CPMG sequence does not lead to a c c u m u l a t i o n of errors due to imperfections of 180 degree pulses in contrast to the C a r r - P u r c e l l sequence {90x, - ~-- 180x, - 2~-- 180x, - 2~-- 180~. . . . } [10], in which all r.f. pulses have the same phase. It should be noted t h a t H a h n has studied spin echoes produced by repetitive 90 degree pulses [8]. H a h n has found t h a t in a sequence of two identical r.f. pulses separated by a time interval % a spin echo also occurs at time 2T as in the case described earlier. Three identical r.f. pulses generate a more complicated p a t t e r n of spin echoes. H a h n has discovered t h a t in the case when a third pulse is applied at time T after the first pulse, additional echoes occur at T + T, 2 T - 2% 2 T - % 2T. Moreover, H a h n has also found t h a t the amplitudes of the echoes generated by the third pulse, k n o w n as the stimulated echoes, in general depend on T1 and/or T2. o
 
 o
 
 o
 
 1.7. S I G N A L A T T E N U A T I O N D U E TO D I F F U S I O N In his classic work devoted to spin echoes H a h n has shown t h a t diffusion in a nonuniform magnetic field contributes to decay of the transverse magnetization in media [8]. To analyze the effect of diffusion we start with the equation t h a t describes the dynamics of magnetization due to self-diffusion of particles in isotropic homogeneous media [6]:
 
 OM/Ot = DV2M,
 
 (1.7.1.)
 
 where D is the diffusion coefficient. Torrey [11] has demonstrated t h a t in order to incorporate the effects of T1 and T2 relaxations and precession in an external magnetic field, the corresponding terms from the Bloch equations can be added to the right part of Eq. (1.7.1). Below we will obtain an exact solution of the Bloch equations in the case when diffusion of spins occurs in the presence of linear magnetic field gradients. In the presence of a non-uniform magnetic field B given by a sum of c o n s t a n t and linear terms:
 
 B = k(S0 + Gr),
 
 (1.7.2)
 
 the dynamics of magnetization in the r o t a t i n g reference frame is described by the modified Bloch equations:
 
 OMx/Ot- -Mx/T2 + ,~GrMy + DV2Mx,
 
 (1.7.3a)
 
 OMy/Ot - -My~T2 - ?GrMx + DV2My.
 
 (1.7.3b)
 
 1.7.
 
 Signal Attenuation Due to Diffusion
 
 Using Mxy = Mx +jMy equations
 
 25
 
 again we obtain from the preceding two
 
 OMx~/Ot = -Mxy/T2 -j~/GrMxy + DV2Mxy.
 
 (1.7.4)
 
 We seek a solution of this equation in the following form:
 
 (
 
 Mxy = Mxy(O)f(t) exp - t / T 2 - j'~r
 
 j ) G dt'
 
 ,
 
 (1.7.5)
 
 o
 
 where f(t) is an arbitrary function of time. By substituting the last equation into Eq. (1.7.4) and taking into account that f ( 0 ) = 1 we obtain
 
 / /Ii 12/
 
 f(t) = exp -D~9
 
 G dt"
 
 dt'
 
 .
 
 (1.7.6)
 
 o
 
 In a particular case when diffusion occurs in the presence of a timeindependent gradient G = k a z we have f ( t ) - exp(-D~/2a2zt3/3). In this case Mxy is given by
 
 Mxy = Mxy(O) e x p ( - t / T 2 - j T a z z t - D72G2zt3/3).
 
 (1.7.7)
 
 Equation (1.7.7) defines the attenuation of the transverse magnetization as a function of diffusion coefficient and gradient strength. In principle, this equation can be used to calculate the diffusion coefficient from a series of FIDs observed at different gradient strengths. However, in practice it can be difficult to differentiate between the effect of diffusion and signal attenuation due to dephasing of spins in the presence of an applied gradient. A better approach for NMR diffusion measurements was developed by Stejskal and Tanner [12]. The diffusion related attenuation of the NMR signal in the StejskalTanner approach is achieved by applying two strong gradients symmetrically with respect to a 180 degree pulse (Figure 1.8). Because of the presence of a 180 degree pulse, the transverse magnetization of static spins is refocused at time TE after excitation. Therefore, the amplitude of the spin-echo signal from the static material is modulated by T2 decay only. However, diffusion of spins in the direction of the applied gradients causes irreversible phase dispersion, which leads to additional signal attenuation. Under the assumption that the applied gradients are much greater than any intrinsic magnetic field gradients present in the sample, the effective attenuation of the
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 Figure 1.8. Stejskal-Tanner pulse sequence for diffusion measurements. spin-echo signal is given by the well-known Stejskal-Tanner formula:
 
 S(TE) = S(O) exp[-TE/T2 - D~26252(A - ~/3)],
 
 (1.7.8)
 
 where S(0) is the signal magnitude immediately after the excitation pulse; G is the amplitude of the applied gradients; 5 and A are the duration and time interval between the pulsed gradients, respectively (Figure 1.8). Measurements of the diffusion coefficient in the StejkalTanner method can be carried out by varying the area under the gradient pulse, G~, or by varying A.
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 CHAPTER 2
 
 E x c i t a t i o n of the T r a n s v e r s e Magnetization
 
 In NMR imaging and spectroscopy it is a common practice to excite repeatedly a macroscopic system of nuclei by a series of r.f. pulses. For example, in the conventional approach used for spatial encoding in MRI (see Chapter 3) a number of excitations (e.g., 128 or 256) are needed to collect all spatially encoded signals required for subsequent image reconstruction. One of the main assumptions of this approach is the existence of a steady-state, under which repetitive excitations would produce the same transverse magnetization in a sample. Using the Bloch equations we demonstrate that such a steady state can indeed be established as a result of the evolution of the nuclear magnetization subjected to a series of r.f. pulses. The last section of this chapter describes an example of spatially selective excitation that creates nonzero transverse magnetization only in a chosen slice of material.
 
 2.1. D Y N A M I C S OF R E P E A T E D L Y E X C I T E D MAGNETIZATION In this section we consider the dynamics of nuclear magnetization in an external magnetic field B0 in the presence of a train of identical r.f. pulses (Figure 2.1(a)). To simplify further derivations we assume that the transverse magnetization in a sample is negligibly small immediately before the beginning of each successive excitation. This assumption is justified when the sequence repetition time, TR, is much longer than T2 or when external magnetic field gradients 29
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 Figure 2.1. Different pulse trains used for repetitive excitation of the transverse magnetization.
 
 (sometimes called crusher or spoiling gradients) are applied after signal acquisition in order to disperse the transverse magnetization in a sample. A general case, when the steady-state transverse magnetization is nonzero immediately before the beginning of an r.f. pulse, is considered in a classic paper by Ernst and Anderson [1]. During an excitation the effective magnetic field in the rotating reference frame is given by (see Chapter 1):
 
 Beff- [(Wo- ~2L)2/~ 2 -~-Br.f.2] 1/2,
 
 (2.1.1)
 
 2.1.
 
 Dynamics of Repeatedly Excited Magnetization
 
 31
 
 where w0 is the frequency of the r.f. field and COL is the local Larmor frequency. Let COL " - ~ B 0 -~- ~CO, where B0 is uniform and 5COis defined by magnetic field nonuniformity or chemical shift effect. In the following derivations we assume that the irradiating r.f field is applied at the resonant frequency (i.e., COo- 7B0). We also assume that the amplitude of the r.f. field is large enough such that 5CO> 1/cob, the integral in Eq. (2.3.7) can be approximated by Fourier transform of the sinc function and the resulting expression for Mxy is given by
 
 Mxy ( Tp ) -
 
 { jTrTAMo e_J~GT~z/2' if 17Gz I < cob cob 0, if 19/GzI > cob
 
 (e.3.s)
 
 Notice that according to the above equation the transverse magnetization acquires a phase ~ - - T G T p z / 2 . Because of the accumulated phase, the signal from the excited slice will be very small if no measures to cancel this phase are taken. Fortunately, refocusing of
 
 1 A sinc-shaped r.f. pulse applied in the absence of external field gradients provides an example of a frequency (spectrally) selective pulse that only excites a limited range of frequencies. In MRI frequency selective pulses are often used for chemical shift imaging (see Chapter 6).
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 Chapter 2
 
 Excitation of the Transverse Magnetization
 
 r.f.
 
 ~
 
 r--%
 
 Figure 2.4. Schematic of spatially selective excitation. After the excitation r.f. pulse, the polarity of the slice-select gradient is reversed in order to refocus the transverse magnetization in the excited slice. the magnetization can be easily achieved by reversing the polarity of the slice-select gradient after the excitation (Figure 2.4). It is easy to verify that the area of the refocusing gradient lobe must be half of the area of the gradient lobe used for slice selection in order to null the phase accumulated during excitation. Figure 2.5 shows an example of a 25 degree sinc pulse applied along the x-axis in the rotating frame of reference and the corresponding components of the transverse magnetization calculated numerically. The deviations from the ideal excitation profile are mostly due to a small number of side lobes of the sinc function used in this example. Although the slice profile can be improved by using a larger number of side lobes, the penalty is prolonged pulse duration which is undesirable for a number of applications such as flow imaging, rapid gradient-echo imaging etc., when short excitation pulses (a few milliseconds) are needed to reduce dephasing of spins or shorten repetition time. The small-flip-angle approximation makes it possible to design r.f. pulses with flip angles on the order of ~/2. Spatially selective pulses with flip angles greater than ~/2 are frequently designed by using numerical solutions of the Bloch equations. Alternatively, r.f. pulses can be designed by using an approach independently suggested by Shinnar and Le Roux [5]. An important problem in the design of spatially selective pulses is the deviation from the intended excitation profile caused by the heterogeneity of the r.f. field. Distortion of slice profile can be particularly severe in the case when r.f. pulses are generated by using surface r.f. coils which produce an extremely inhomogeneous Br.~. field. The effect of r.f. inhomogeneity can be reduced by using so called "adiabatic pulses" [6,7] which are designed to compensate for the spatial variations
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 Figure 2.5. Example of spatially selective excitation: (a) amplitude of a 25 degree sinc pulse applied along the x axis in the r o t a t i n g reference frame; (b) transverse components of the magnetization in the rotating reference frame after the excitation and gradient refocusing. in Br.f. and are characterized by simultaneous modulation of the r.f. amplitude and frequency. REFERENCES
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 CHAPTER 3
 
 Basic T e c h n i q u e s for 2D and 3D MRI
 
 3.1. IMAGE R E C O N S T R U C T I O N FROM DISCRETE SAMPLES Because image reconstruction in MRI typically involves the use of Fourier transform (FT), we need to begin our discussion by describing the basic principles of Fourier analysis. The continuous Fourier transform of a function f(x) is defined as
 
 S(kx) =
 
 /
 
 (:X~
 
 f (x)e jkxx dx,
 
 (3.1.1)
 
 where j = x/~l. If the Fourier transform S(kx) is known, then the function f(x) is given by inverse Fourier transform of S(kx): If
 
 f (x) - ~
 
 ~
 
 S(kx)e-jkxXdkx .
 
 (3.1.2)
 
 CX:)
 
 For the purpose of convenience, we will refer to f(x) as the object. The process of measuring S(kx) will be referred to as sampling, and the function S(kx) itself will be referred to as the signal. In practice it is not possible to obtain S(kx) as a function of continuous kx. Instead S(kx) is measured only at a finite number of sampling points. To demonstrate how discrete samples of the signal can be used for image reconstruction, let us assume that S(kx) in Eq. (3.1.1) is measured at N locations:
 
 kx - 27m/Lx.
 
 (3.1.3) 41
 
 42
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 In this equation n is an integer, - N / 2 _ Lx/2
 
 and/or
 
 [y[ >__Ly/2.
 
 (5.1.4)
 
 By using Equations (5.1.3) and (5.1.4) it can be shown that the spectral components of the signal Vs are zero for all frequencies I~] > ~'s/2, where ~s = 1/~-w = ]~/GxLx/2~] is known as the sampling bandwidth. Therefore, the true signal remains unchanged after passing through a low-pass filter that has a cutoff frequency of Vs/2: sin U~'st (I)(t) = ~ . ~t
 
 (5.1.5)
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 In 2D imaging with N readout points and M phase encodings, the noise contribution to a N x M image intensity can be written as ~(n, m) _ N E M1
 
 E e -j27mn'/N-j2~mm'/M Snoise(n', m') . n~
 
 (5.1.6)
 
 m~
 
 In this equation n and n ~change from - N / 2 to N/2 - 1; m and m ~change from -M/2 t o M / 2 - 1; Snoise(n' , m') - f ~(n'Tdw -- t') V ( t ' , m')dt' is the noise signal after low-pass filtering and digitization. To calculate the noise variance, we consider white noise that has zero mean and autocovariance
 
 E[V(t', m'), ?* (t", m")] = { cr25(t'O,-t"), m'm'#- m"m"
 
 (5.1.7)
 
 where E[x(t)] is the expected value of x(t), ~ is a constant, and 5 is the Dirac delta function. From Equations (5.1.5-5.1.7) it follows that the noise variance in an image can be expressed as
 
 Var07 ) - E[l~(n ' m)l 2] a
 
 2
 
 E exp(-j27m(n'- n")/N)sin 7~sTw(n'- n")
 
 ---- N2----Mn' n"
 
 7rT-w(n' -- n")
 
 .
 
 (5.1.8)
 
 Taking into account that the interval between sampling points, 7w, is the inverse of the sampling bandwidth, ~s, we finally obtain 2
 
 _
 
 (~2
 
 a "s
 
 Var(~7) = N . M - M ....Ts'
 
 (5.1.9)
 
 where T~ = N/~s is the total acquisition time. Therefore, the noise level measured by V/ Var(~) is inversely proportional to the square root of the acquisition time. Notice that the noise variance in Eq. (5.1.9) is spatially independent. In principle this allows measurements of Var(~) in an arbitrary region within the field-of-view if this region contains a sufficient number of pixels making statistical averaging possible. In actual practice it is often convenient to measure noise in the background outside of the object's boundaries where noise is the only contributor to image intensity.
 
 3D Imaging In the case of 3D imaging with N readout points and a total of M x Q phase encodings, the output of the phase-sensitive detector can be written as
 
 V(t,m,q) = Vs(t,m,q) + ?(t,m,q).
 
 (5.1.10)
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 Signal-to-Noise Ratio in MRI
 
 In this equation index q indicates an additional phase-encoding used for 3D imaging: q = - Q / 2 , . . . , Q / 2 - 1 (see Chapter 3). After low-pass filtering and digitization, the noise signal is given by
 
 Snoise(n', m' q') : J d2(n'7dw -- t') Y(t', m', q')dt'.
 
 (5.1.11)
 
 The noise part of a N • M • Q image is given by a three-dimensional Fourier transform of Snoise:
 
 1 rl(n, m, q) = NMQ ~, E E e-J2"nn'/N-j2~mm'/M-j2~qq'/QSn~ m~ q~
 
 m', qt).
 
 In the case of 3D imaging, the noise autocovariance can be expressed as . q/ =q . E[?(t',m',q') ?*(t",m",q")] - { a25(t' - t"), m I -----m~ O~ m' r m" and/or q' r q"
 
 (5.1.13) By using Equations (5.1.11) through (5.1.13) it can be shown that the noise variance in 3D imaging is given by
 
 a2/]s
 
 (72
 
 Var(~) = N . M . Q = M . Q. Ts"
 
 (5.1.14)
 
 5.2. S N R I N 2D A N D 3D M R I Based on the results of the previous section, we consider SNR dependence on the basic imaging parameters such as voxel volume, matrix size, and acquisition time in 2D and 3D imaging. The obtained results demonstrate that 3D imaging in general provides higher SNR as compared to 2D imaging.
 
 2D Imaging By using the results from Chapter 3 and assuming for simplicity that Mxy is uniform within the excited slice we obtain
 
 I c<Mxy 9Lsl" Lx" Ly N. M
 
 '
 
 (5.2.1)
 
 where I is the image intensity in the absence of noise and Lsl" Lx. Ly/(N. M) is the voxel volume, 5V. From Eq. (5.2.1) and
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 Figure 5.1. Images of an apple in (a) and (b) were obtained with the same parameters except for FOV, which was reduced by a factor of 4 in (b) as compared to (a). The reduction in FOV decreased the SNR and lowered the overall image quality in (b). Eq. (5.1.9) we obtain t h a t the SNR in 2D imaging is given by I SNR c< Mxy5 V v / M 9Ts.
 
 (5.2.2)
 
 This equation shows t h a t SNR is proportional to voxel volume. A l t h o u g h decreasing voxel volume generally improves visualization of small structures in images, it causes a proportional decrease in SNR. It should be noted t h a t the decreased SNR can result in unacceptably low image quality, defeating the initial purpose of the decreased voxel size (Figure 5.1). The SNR dependence on voxel volume, n u m b e r of phase-encoding steps, and acquisition time should be kept in mind when choosing imaging parameters. For example, if one decides to decrease Lx and Ly by a factor of 2 (without altering matrix size and Ts) in order to increase in-plane spatial resolution, then the SNR will be decreased by a factor of four. Conversely, if the same increase in spatial resolution is achieved by correspondingly increasing matrix size (e.g., using N~= 2N and M = 2M) while m a i n t a i n i n g FOV and Ts, then 1Note that the SNR in Eq. (5.2.2) is a complex quantity. In practice SNR is frequently calculated in magnitude MR images. The characteristics of noise in magnitude images are discussed in [17].
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 the SNR in the image will be reduced only by a factor of 2x/~ at the expense of a twofold increase in scan time.
 
 3D Imaging Image intensity in 3D MRI is proportional to the product of Mxy and the voxel volume, 5V = Lx" Ly. Lsl/(N" M . Q). By using Eq. (5.1.14), the expression for the SNR in 3D imaging can be written as SNR c< M x y S V v / M 9Q. Ts.
 
 (5.2.3)
 
 After comparing Equations (5.2.3) and (5.2.2) one can conclude that the SNR in 3D imaging is x / ~ times greater than the corresponding SNR in 2D imaging. This result is due to more statistical averaging of the noise in 3D imaging as compared to 2D imaging. The actual increase in SNR in 3D imaging can be very significant. For example, when imaging with the same voxel volume and acquisition time, the SNR in 3D imaging with Q = 64 will be eight times greater than the SNR in 2D imaging.
 
 The Effect of Signal Averaging on S N R Suppose that N S A identical (except for noise) frequency and phaseencoded signals are acquired and subsequently averaged together. Because averaging reduces the noise variance by a factor of N S A without altering the true signal, it is clear that averaging increases SNR by a factor of (NSA) 1/2. The number of times the signal can be averaged in 2D imaging is given by N S A c< N~sl" Tscan Nsl. M . T R '
 
 (5.2.4)
 
 where Tscan is the total scan time, TR is the repetition time, M is the number of phase-encoding steps, Nsl is the number of slices, and N~l is the number of slices imaged during one TR interval. By multiplying the expression for the SNR in Eq. (5.2.2) by (NSA) 1/2 we obtain SNR c
> 1, then we obtain the following estimate for the readout time, Ts: ~N 2
 
 Ts = ~ . 4Mus
 
 (7.4.7)
 
 For example, in the case of spiral imaging with 128 x 128 imaging matrix, 4 interleaves, and 128kHz bandwidth, we obtain Ts 25msec. In comparison, the readout time in conventional imaging with the same matrix size and bandwidth will be only lmsec. As a result of their long readout time, spiral images display more blurring due to magnetic field nonuniformity than conventional images. Blurring in spiral images can be reduced by using image processing techniques [21, 22]. Likewise, it is reduced by increasing the number of interleaves thereby decreasing the readout time. The major limitation of the latter approach is that it prolongs scan time which is linearly dependent on the number of interleaves.
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 Figure 7.10. A constant linear velocity spiral: (a) trajectory in k-space; (b) time dependence of kx. Because k-space data collected on spiral trajectories do not lie on a Cartesian grid, spiral image reconstruction is more complicated than the reconstruction procedure in conventional imaging with Cartesian k-space trajectories. The acquired spiral data need to be interpolated first onto a Cartesian grid in order to subsequently implement computationally efficient Fast Fourier Transform. A commonly used algorithm for reconstructing images from k-space data sampled along spiral trajectories is described in [23].
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 7.5. P A R T I A L
 
 K-SPACE
 
 Rapid MR Imaging
 
 ACQUISITION
 
 MR imaging with partial k-space acquisition allows significant reduction in scan time as compared to standard MR imaging by acquiring only a fraction of full k-space data. Two of the frequently used partial k-space acquisition schemes, Partial Fourier (PF) [24-26] and keyhole imaging [27], are discussed in the following sections.
 
 Partial Fourier Imaging From the properties of Fourier transform it follows that in the case when the image intensity is real the corresponding signal, S(kx, ky), is Hermitian. That is,
 
 S(-kx, -ky) = S* (kx, ky),
 
 (7.5.1)
 
 where * denotes complex conjugation. In PF methods only a fraction of the full data set is acquired and the remainder of the data is synthesized through the use of Hermitian symmetry. PF imaging with acquisition of one half of k-space was employed by Feinberg et al. [24] to reduce the number of phase encodings without decreasing spatial resolution. The resulting penalty was a reduction in SNR by a factor of v~ because only half of the signals were actually acquired. If such decrease in SNR can be tolerated, this approach becomes an attractive option for rapid MRI because it reduces scan time by a factor of 2. Another application of PF methods is fractional echo acquisition, often used to shorten TE and readout time in gradient-echo imaging. In practice various factors (e.g., field inhomegeneities in the sample, eddy currents, etc.) cause the acquired data to be nonHermitian. Several methods have been suggested in order to reconstruct MR images from partially acquired non-Hermitian data. The following discussion focuses on one of the earliest and most effective methods proposed by Margosian [25,26] (a review of this and related methods can be found in [28]). To describe the Margosian method we consider a one-dimensional complex image
 
 I(x) = II(x)le jr
 
 (7.5.2)
 
 where [I(x)[ and r are the magnitude and phase of I(x), respectively. Suppose that Fourier transform of I(x) OO
 
 S(k) = / --00
 
 I(x)exp(jkx)dx
 
 (7.5.3)
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 is known for k _> 0. Inverse Fourier transform of S(k) using only half the data defines a new function, Ihalf(X). It can be shown that Ihalf(X) can be expressed as follows: O(3
 
 O(3
 
 S(k) exp(-jkx) dk =
 
 I h a l f ( X ) -0
 
 + -~
 
 x' - x
 
 If the image phase is known, then by multiplying obtain:
 
 I h a l f ( X ) e -jr
 
 (7.5.4)
 
 --ec
 
 = ~lI(x)l + j
 
 2
 
 ~
 
 f ..I --(X)
 
 II(x')le j[r162 x' - x
 
 Ihalf(X ) by e -jr
 
 dx'.
 
 we
 
 (7.5.5)
 
 The Margosian method is based on the assumption that r is a slowly varying function such that the difference I r 1 6 2 is small and can be neglected. In this case the magnitude image can be obtained by displaying the real part of Ihalf(X)e -jr in (7.5.5). To calculate slowly varying phase in 2D imaging with conventional rectilinear k-space trajectories we can use a low resolution image reconstructed from a small number of central lines in k-space. In summary, the basic reconstruction algorithm in the Margosian method includes: (a) Acquisition of about 60-75% of phase-encoded signals and zero filling of all unsampled locations in k-space (b) Fourier transform of k-space data resulting in a complex image,
 
 Z(x,y) (c) Reconstruction of a low resolution phase map (d) Calculation of the magnitude image, ]I(x,y)l, by multiplying the complex image intensity,/(x,y), in each pixel by the factor e - j r and taking the real part of the product The Margosian method is frequently used for rapid MRI because it can easily be implemented with good results (Figure 7.11). However, this approach can sometimes cause image distortions for two main reasons. First, image phase can have significant contribution from high spatial frequency components that cannot be determined from a low resolution image. Second, the presence of large spatial variations in phase can violate the assumption that the difference [r - r in (7.5.5) is small.
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 Rapid MR Imaging
 
 Figure 7.11. (a) Axial 256 x 256 spin-echo image of the head; (b) image of the same slice reconstructed from 65% of the phase encodings by using the Margosian method; (c) difference between (a) and (b).
 
 Dynamic Keyhole Imaging To describe this approach it is convenient to express image intens i t y , / , at some arbitrary time t as a sum: I(r, t) = I(r, to) + AI(r, t).
 
 (7.5.6)
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 Figure 7.12. Schematic of keyhole imaging: (a) reference data; (b) dynamically acquired data; (c) resultant data set produced by combining the outlined portions of the reference data set with the dynamically acquired data.
 
 In this equation r indicates spatial location in the sample, I(r, t0) denotes the reference image intensity, and AI(r,t) denotes the temporal change in intensity. The keyhole method is based on the assumption that AI(r, t) is primarily composed of slow varying spatial components. Clearly, under this assumption AI(r,t) can be reconstructed accurately with low spatial resolution. As a result dynamic keyhole imaging frequently acquires only low spatial frequency components of the signal. All unsampled locations in k-space eventually are filled by using the data from the reference images. In practice, keyhole images are reconstructed from dynamically collected central k-space lines corresponding to small values of the phaseencoding gradient and peripheral lines from the reference images (Figure 7.12). Due to a reduced number of phase encodings, dynamic keyhole imaging allows significantly increased temporal resolution at the expense of reduced spatial resolution. In general, the keyhole approach is adequate if changes in intensity, AI(r, t), vary slowly in the field-of-view. Conversely, any sharp spatial variations in intensity appearing as a result of perturbations (e.g., due to motion or administered contrast agents) of the specimen will be blurred and will cause truncation artifacts due to insufficient resolution in the phase-encoding direction (Figure 7.13).
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 Figure 7.13. (a) Axial 256 x 256 spin-echo image of the head; (b) image acquired with the same parameters as in (a) after an intervention was simulated by inserting fluid-filled tubing (indicated by an arrow) into the field of view; (c) keyhole image reconstructed from the reference image in (a) and 64 phase encodings acquired after the intervention. Note that the tubing in the keyhole image is blurred because of insufficient spatial resolution in the phase-encoding direction.
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 MR Imaging of Flow
 
 The effect of flow on the observed NMR signal was first described by Suryan [1] soon after the discovery of NMR. Suryan observed an increased NMR signal from a flowing liquid as compared to the signal from the same liquid at rest. Suryan correctly explained the observed effect by the decreased saturation of the magnetization in the flowing liquid. A decade later the same effect was reported by Singer [2, 3] who, along with Bowman and Kudracev [4], developed several techniques for quantitative NMR flow measurements. The studies of these and other investigators laid the groundwork for MR flow imaging. Reference [5] contains an interesting review of early NMR studies of flow. After flow-related effects in MR images were first discussed by Young et al. [6] and Crooks et al. [7] in the early 1980s, various techniques have been developed for MRI of flow. In general, these techniques can be divided into three major categories based on the effects used for flow imaging: (a) "time-of-flight" effects [8-21]; (b)velocity-induced phase [22, 23]; and (c) signal enhancement caused by MR contrast agents [24-30].
 
 8.1. TIME-OF-FLIGHT TECHNIQUES Gradient-Echo I m a g i n g
 
 Spatially selective r.f. pulses are used in 2D and 3D MR imaging to repeatedly excite magnetization in a slice of material. When flowing spins enter an excited slice during imaging, they normally have a 135
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 higher longitudinal magnetization than that of the saturated static material in the slice. Therefore, in-flow of unsaturated spins makes the flowing material in images appear brighter than the static material. Time-of-flight (TOF) MR imaging utilizes the difference in magnetization of stationary and flowing spins in order to improve visualization of flow in MR images. Gradient-echo TOF MRI based on the in-flow effect is performed with short repetition time TR ~'~ 0.6 ~
 
 9,.-~
 
 g ~
 
 0.4 0.2 0.0
 
 0
 
 I
 
 I
 
 2
 
 4
 
 6
 
 depth (cm) Figure 9.9. Sensitivity vs depth for circular surface coils with different radii: (a) a = 2 cm; (b) a - 4 cm; (c) a = 6 cm. there exist two options for imaging a large region with surface coils: (a) use of a single large coil; (b) use of an array of relatively small coils, known as the phased array coil [14]. A phased array coil consists of a number of noninteracting surface coils (e.g., 4 or 8) that simultaneously receive NMR signals. Although each surface coil effectively images only a small region within the field-of-view, individual images produced by an array of coils can be combined together to obtain an image of a large area with uniform sensitivity and with SNR higher than that of a single large surface coil. For many applications of MRI such as body or head imaging, a homogeneous transverse B1 field is essential. A transverse B1 can be produced by a current flowing on the surface of an infinitely long cylinder parallel to its axis. In this case, the condition required for a uniform B1 is that the current density is proportional to sin r (or cos r where r is the azimuthal angle [15]. The sinusoidal distribution of current density can be approximated by using a number of discreet wires in the design known as the saddle coil. A typical saddle coil (Figure 9.10(a)) consists of four linear segments and four 120 ~ circular arcs on a cylindrical surface. This design approximates the sin r distribution by having two linear segments at 60 ~ and 120 ~ carrying equal currents in one direction and two other segments at 240 ~ and 300 ~ carrying equal currents in the opposite direction. The sinusoidal
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 Figure 9.10. (a) Saddle coil; (b) birdcage coil. current density can be more accurately approximated by using the socalled birdcage coil, which includes a large number of closely spaced linear segments (e,g., 16) uniformly distributed on a cylindrical surface [16]. B1 homogeneity in the birdcage coil (Figure 9.10(b)) is much higher than in a saddle coil of comparable size. It is interesting that the r.f. field in a birdcage c o i l c a n be made circularly polarized by simultaneously exciting two orthogonal modes corresponding to sin r and cosr distributions of current. When used for signal reception, these modes can be combined together after one of them is phase shifted by 90 degrees. This doubles the NMR signal while the noise increases only by a factor of v~ because the noise signals associated with the two modes are not correlated. Consequently, the SNR increases by a factor of v~ [17]. Application of circularly polarized field for signal excitation is discussed in the following section.
 
 Quadrature Excitation As discussed previously (see Chapter 1), excitation of nuclear magnetization i n a static magnetic field B0 = kB0 can be performed by a linearly polarized r.f. field B1 = iB1 cos wt, where i and k are unit vectors in the x- and z-directions, respectively. A linearly polarized field can be viewed as the sum of two components rotating around the z-axis at the same frequency but in the opposite directions. Since the transverse magnetization in a sample is predominantly created by the component of B1, which rotates in the direction of Larmor precession of spins, only half of the r.f. power is used effectively for excitation.
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 Alternatively, excitation of nuclear magnetization can be achieved by using a circularly polarized r.f. field rotating in the direction of Larmor procession of spins. Since in this case, known as the quadrature excitation, all r.f. power is effectively utilized, the use of a circularly polarized magnetic field lowers the required r.f. power as well as the power deposited in tissue by a factor of 2.
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 Appendix
 
 A. P H A S E - S E N S I T I V E D E T E C T I O N As mentioned earlier, the observed NMR signal typically consists of different components in the narrow range of frequencies w0 + 5w, where 5w					    
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