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ABSTRACT

In diffusion-weighted magnetic resonance imaging (DWI), the intensity of the acquired magnetic reso-
nance signal depends on the self-diffusion of the excited spins, i.e., on the microscopic stochastic Brownian
molecular motion. Since the extent and orientation of molecular motion is influenced by the microscopic
structure and organization of biological tissues, DWI can depict various pathological changes of organs
or tissues.

While DWI of the brain can be considered an established technique since the mid-1990s, significantly
fewer studies have been published about DWI in body imaging, mainly because of the relatively low
robustness of conventional DWI methods in non-neurological applications. Consequently, the image
quality in such applications was rather limited. This situation, however, improved considerably in recent
years due to better hardware as well as new pulse sequences, and several new applications of DWI (e.g., in
the abdominal organs, in musculoskeletal applications, or in whole-body protocols) have been described.

Unfortunately, DWI of the body is complicated by frequently low signal-to-noise ratios due to shorter
transversal (T2) relaxation times and by strong variations of susceptibility. The latter result in severe
distortion artifacts when standard echo-planar DWI techniques are applied. Hence, several alterna-
tive (non-echo-planar) diffusion-weighting pulse sequence types were proposed and evaluated for DWI
applications in the body.

In this review article, first the basics of molecular diffusion and of diffusion-weighted MRI are intro-
duced and then several specific MRI techniques, which have been used for DWI of the body, are described.

Finally, protocol recommendations for different DWI applications in the body are provided.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In diffusion-weighted magnetic resonance imaging (DWI), the
intensity of the acquired magnetic resonance signal depends on the
self-diffusion of the excited spins, i.e., on the microscopic stochas-
tic Brownian (or thermal) molecular motion. Since the extent and
orientation of molecular motion is influenced by the microscopic
structure and organization of biological tissues, DWI can depict var-
ious pathological changes of organs or tissues. Numerous studies
evaluated DWI for the assessment of neurological pathologies [1]
and in particular for the early detection of cerebral ischemia [2,3],
which is generally considered the most important clinical applica-
tion of DWI.
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While DWI of the brain can be considered an established tech-
nique since the mid-1990s, significantly fewer studies have been
published about DWI in body imaging, mainly because of the
relatively low robustness of conventional DWI methods in non-
neurological applications. Consequently, the image quality in such
applications was rather limited. This situation, however, improved
considerably in recent years due to better hardware as well as new
pulse sequences, and several new applications of DWI have been
described. Examples are DWI studies of the liver [4-6], the kid-
neys [7-9], the breast [10-13], the prostate [14-16], and the lymph
nodes [17,18], as well as of the musculoskeletal system including
the assessment of soft-tissue tumors [19,20] and in particularly
of benign and malignant vertebral compression fractures [21-23].
Recently, whole-body DWI was proposed to improve the detection
and characterization of malignancies [24,25].

Unfortunately, DWI of the body is complicated by the fre-
quently low signal-to-noise ratio (SNR) due to shorter transversal
(T2) relaxation times and by significantly stronger variations of
susceptibility than, e.g., in the brain. The latter result in severe dis-
tortion artifacts when standard echo-planar DWI techniques are
applied [26,27]; particularly, at higher field strengths of 3 Tesla
or more [28]. Hence, several alternative diffusion-weighting pulse
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Fig. 1. Simulated isotropic diffusion path of a single molecule; random-walk simu-
lation after N=2000, 10,000, 50,000, and 150,000 simulated steps. The simulations
demonstrate that the mean value of the position remains at the origin (at the center
of the plots), while the standard deviation increases proportional to the square root
of the diffusion time (corresponding to the number, N, of simulated steps).

sequence types were proposed and evaluated for DWI of the body
as described below.

In this review article, we first introduce the basics of diffusion
and diffusion-weighted MRI and then describe several specific MRI
techniques, which have been used for DWI of the body. Finally, we
will provide general protocol recommendations for different DWI
applications in the body.

2. Basics of diffusion and diffusion-weighted MRI
2.1. Physical background

DWI is a magnetic resonance (MR) technique that is sensitive
to the Brownian molecular motion of spins [29]. The molecular
motion (diffusion) is related to the thermal kinetic energy, Ejin,
of the molecules, which is proportional to the temperature, T:
Ein = (3/2)kgT; here, kg=1.38 x 1023 |/K is the Boltzmann con-
stant. Higher thermal energies are associated with faster molecular
motion; the average velocity, v, of a free (gas) molecule with energy
Epin isv= \/2Ek,-n/m = \/BkBT/m. The thermal molecular motion
is completely stochastic and in many cases, e.g., in gases or liquids,
isotropic; it should not be confused with flow or other directed pro-
cesses. In particular, diffusion only increases the standard deviation
of the position of a molecule but not its mean position as illustrated
in Fig. 1.

The diffusion of molecules in a liquid or in a gas is quantitatively
described by the diffusion coefficient, D. The diffusion coefficient is
frequently given in units of mm?2/s and describes the mean displace-
ment, d, the stochastic molecular motion within a time, t (usually
referred to as diffusion time). lL.e., d is the mean diameter of the
three-dimmensional extension of the molecular motion (or, more

exactly, the standard deviation of the position sqrt (1/ (x2)):

d=+/a?) =6 D 1.

The diffusion coefficient of pure water at room temperature,
for instance, is approximately 2 x 10-3 mm?/s, resulting in a mean
displacement of about d =25 wm in a diffusion time of 50 ms. More
examples of diffusion coefficients in different biological tissues are
presented in Table 1.

Table 1
Examples of diffusion coefficients of water and different biological tissues.

ADC (x1073 mm?/s)

Water, 20°C [77] 2.02
Water, 35°C [78] 292
Brain, white matter [79] 0.70
Brain, gray matter [79] 0.89
Liver [4] 1.83
Kidney (cortex) [8] 2.43
Kidney (medulla) [8] 2.16
Breast (fibroglandular tissue) [10] 2.37
Prostate (peripheral zone) [14] 1.95
Prostate (central gland) [14] 1.53

Vertebral bone marrow [23] 0.2-0.5

2.2. Diffusion-sensitized MRI

Already in 1950, Erwin Hahn described that the presence of a
magnetic field gradient during a magnetic resonance spin-echo
experiment results in a signal attenuation due to the molecular
diffusion of the spins [30]. An improved strategy to quantify the
diffusion coefficient, D, in a magnetic resonance experiment was
proposed in 1965 by Stejskal and Tanner [31]. In their experi-
ment, a pair of additional gradient pulses was inserted into a pulse
sequence, the so-called Stejskal-Tanner diffusion gradients. This
technique (sometimes slightly modified) is still in use today in the
majority of all diffusion-weighting sequences.

The effect of these diffusion gradients is to attenuate the
transversal magnetization, i.e., the received MR signal intensity,
depending on the extent of molecular motion as illustrated in
Fig. 2. This attenuation effect is based on the proportionality of
the Larmor or precession frequency, wy, of a spin and the exter-
nal magnetic field, B: w; = y-B, where the proportionality factor vy is
called the “gyromagnetic ratio”; in the case of normal proton-MRI,
this is y = 267.5 x 10rads~1T-1. A gradient pulse with ampli-
tude, gp, in, e.g., x-direction causes an additional spatially linear
magnetic field AB(x)=gp-x and, thus, a spatially depending vari-
ation of the Larmor frequency by Awj(x)=y-AB(x)=y-gp-x. The
additional phase angle after this gradient pulse of duration, §, is
A@p(x)= Awi(x)-8 = y-gp-x-§, which depends linearly on the position,
x, as well. Hence, spins at different positions, x, are equipped with
different additional phase angles after the gradient pulse, i.e., they
are “dephased” (not longer precessing with the same phase). The
opposite process, i.e., returning dephased spins into states with
identical phases, is called “rephasing”.

Dephasing and rephasing are the mechanisms employed for dif-
fusion weighting. The first diffusion gradient dephases the spins,
i.e., the spins are prepared with a spatially varying additional phase
angle, Ag(x). Spins at the position of lower magnetic fields (left
hand side in the illustration since the gradient field increases lin-
early from left to right) are prepared with smaller additional phase
angles than spins at higher magnetic fields. In the case of stationary
spins, this additional phase angle is exactly reverted by the second
diffusion gradient, resulting in the same transversal magnetiza-
tion after the second gradient as without diffusion sensitizing. If,
however, the spins move stochastically between the two diffusion
gradients, then each single spin experiences a different magnetic
field at the time of the second gradient pulse, which does not
compensate the effects of the first (dephasing) gradient pulse. Con-
sequently, the second gradient does not fully revert the dephasing
and a certain, stochastically distributed phase angle remains. This
random distribution of phase angles is observed as signal attenua-
tion, which is, thus, a measure of molecular diffusion. Frequently,
the diffusion gradients are positioned at both sides of a refocusing
(180°) radio frequency (RF) pulse - in this case, they appear in the
sequence diagram with identical polarity and the rephasing effect
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Fig. 2. Effect of diffusion gradients. The diffusion gradients (top row) cause a spatially varying additional magnetic field, AB(x) (second row) and, thus, spatially varying
Larmor frequencies. The first diffusion gradient dephases the spins (three spins at different spatial positions are shown as gray and black arrows in a circle). If the spins are
stationary (no diffusion), the second diffusion gradient with opposite sign exactly rephases the spins. In the case of diffusing spins, however, rephasing is incomplete since the
spins have moved between the first and the second diffusion gradient; thus, a diffusion-dependent signal attenuation is observed as illustrated by the “vector sum” arrows.

of the second gradient requires the phase flip caused by the 180°
pulse.

The observed attenuation of the magnetic resonance signal is
defined as the ratio of the measured signal, S(D, b), and the original
signal without diffusion gradients, Sy. This ratio, S(D, b)/Sp, depends
exponentially on the diffusion coefficient, D, and on the properties
of the diffusion gradients, which are summarized within the so-
called diffusion weighting, b, or b-value of the pulse sequence:

S(D, b) = Sg - exp(—b - D).

The b-value of the sequence can be calculated from the prop-
erties of the diffusion gradients shown in Fig. 2, i.e., from their
amplitude, gp, their duration, §, and the interval between their
onsets, A:

b=(y-gu~6>2~<A§),

where y is the gyromagnetic ratio of the diffusing spins. The b-
value is frequently expressed in units of s/mm?2; typical values
for DWI range from 50 to 1500 s/mm? (but higher values may be
used for specific applications). To obtain these b-values, relatively
long and strong diffusion gradients are required; typical gradient
durations are §=20...40ms and typical gradient amplitudes are
gp=20...40mT/m.

The b-value of a pulse sequence plays the same role in DWI
as the echo time in T2-weighted MRI: higher diffusion weightings
increase exponentially the contrast between tissues with different
diffusion coefficients, but at the same time they decrease the overall
signal intensity. Hence, the choice of the optimal diffusion weight-
ing (which is discussed in detail below) must always be considered
as a compromise between maximizing the diffusion contrast on
the one hand and the signal-to-noise ratio (SNR) on the other hand
[32]. Obtaining a sufficient SNR is particularly demanding in DWI,
since the SNR of diffusion-weighted images is additionally reduced

by relatively long echo times, which are required due to the long
duration, 4, of the diffusion-gradient pulses.

Another general problem of DWI is the very high motion sen-
sitivity of diffusion-sensitized pulse sequences [33-35]. Since the
diffusion gradients are inserted in order to depict stochastic molec-
ular motions in the range of some 10 wm, DWI becomes very
sensitive to any macroscopic patient motions as well. The most
important sources of such motion are pulsatile blood flow, CSF pul-
sation, cardiac or respiratory motion, and peristaltic bowel motion.
Several different approaches were suggested in order to increase
the robustness of DWI techniques as described below.

2.3. Diffusion tensor MRI

In applications of DWI in vivo, the by far most important dif-
fusing molecule is water. Generally, water diffusion in tissue is
influenced by the properties of the cells, in particular by the
cell size and their geometric structure. Typical diffusion coeffi-
cients of water measured in vivo are in the range between about
0.3 and 3 x 10-3 mm?/s (the diffusion coefficient of pure water
at body temperature (37°C) is approximately 3.1 x 1073 mm?/s).
Thus, the observed diffusion coefficients are decreased compared
to free water diffusion due to the presence of cell membranes, cell
organelles, or large macromolecules, which restrict and hinder the
molecular motion. The actually measured diffusion coefficient in
vivo is therefore called “apparent diffusion coefficient” (ADC).

By applying diffusion gradients in a single spatial direction as
illustrated in Fig. 2, only diffusional motion parallel to this direc-
tion is detected. While this experiment is sufficient to measure the
diffusion properties of, e.g., isotropic liquids, the situation in bio-
logical tissue can be much more complex. In particular in highly
anisotropic tissues such as nerve or muscle fibers, diffusion will
be lower perpendicular than parallel to the fiber direction since
the distance of diffusion-hindering cell membranes will be smaller
perpendicular to the fiber orientation. Thus, the diffusing molecules
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will be more frequently influenced by cell membranes in per-
pendicular direction, resulting in a decreased apparent diffusion
coefficient. In this case, diffusion is not longer described by a single
(scalar) diffusion coefficient but by the diffusion tensor, D, which
canbe represented by a symmetric 3 x 3 matrix containing six inde-
pendent values [36,37]:

Dxx Dxy Dx;
D= | Dy Dyy Dy
Dx; Dy; Dz

To measure the diffusion tensor, several diffusion measure-
ments (at least six corresponding to the number of independent
matrix components) are required, which can be obtained by apply-
ing diffusion gradients in different spatial directions [38]; this
acquisition is known as diffusion tensor imaging (DTI).

Three important quantities that can be calculated from the dif-
fusion tensor are the mean diffusivity, the diffusion anisotropy,
and the main diffusion orientation. The mean diffusivity, Dmean,
describes the diffusion coefficient averaged over all spatial direc-
tions; it can be calculated as a third of the trace of the diffusion
tensor, i.e., of the sum of the three diagonal matrix elements,
Dmean = (1/3)(Dxx + Dyy + Dzz).

The diffusion anisotropy describes how much the diffusion devi-
ates from isotropic (i.e., spherically symmetric) diffusion: high
anisotropies correspond to diffusion processes with a strongly
preferred spatial orientation. The diffusion anisotropy is fre-
quently expressed as the fractional anisotropy, FA; to calculate the
anisotropy, the matrix is first transformed into a diagonal matrix

D, 0 0
D=0 D, ©
0 0 D

with the eigenvalues D1, D,, D3 and the corresponding eigenvectors
v1, vy, v3.The fractional anisotropy is then given by

FA — \/E \/(Dl — Dimean )2 + (D2 — Dmean )2 + (D3 — Dmean )2

V2 2. 02102 )

\/D{ + D35 + D3

Each eigenvector v1, v, v3 is associated with an eigenvalue,
D1, Dy, D3, and the eigenvector associated with the largest eigen-
value describes the main (or principal) diffusion orientation. For
example, in nerve or muscle fibers, the main diffusion direction is
parallel to the fiber orientation and can therefore be used to visual-
ize the fiber tracts; this process is called fiber tracking or diffusion
tractography [39].

3. Pulse sequences for DWI of the body

Many different types of pulse sequences can be modified for
DWI by inserting additional diffusion-sensitizing (Stejskal-Tanner)
gradients. The most important sequences are discussed in the fol-
lowing sections.

3.1. Spin-echo and stimulated-echo sequences

Historically, DWI was first performed with stimulated-echo and
spin-echo pulse sequences (Fig. 3a and b) [40-42]. These pulse
sequences, however, require very long acquisition times of sev-
eral minutes to acquire a single multi-slice data set since they
fill the required raw-data space (k-space) line by line with echoes
(Fig. 3e), whose acquisitions are separated by the relatively long
repetition time, TR, of 2-5s. These sequences are very prone to
motion artifacts, which result from different states of involuntary
patient motion in subsequently acquired k-space lines.

Although different strategies were proposed to reduce the
motion sensitivity and increase the robustness of stimulated-echo

and spin-echo sequences such as navigator-echo motion correction
[43-45] or radial k-space sampling (Fig. 3f) [46,47], these sequence
types are practically not used any more in clinical MRI because
of their prohibitively long acquisition times. This disadvantage
is overcome to a certain degree by a modification of the con-
ventional spin-echo sequence called diffusion-weighted line-scan
imaging technique, proposed by Gudbjartsson et al. in 1996 [48]. In
line-scan imaging, only one-dimensional lines of the imaged vol-
ume are excited instead of complete two-dimensional slices. Thus,
the acquisition time and the motion sensitivity can be reduced,
at the cost, however, of a lower SNR. A second disadvantage is
that line-scan imaging techniques are not available for all MRI
systems.

3.2. Echo-planar imaging (EPI) sequences

The most important and most frequently used pulse sequence
for DWIin general is the single-shot spin-echo echo-planar imaging
sequence (Fig. 3¢) [49]. This sequence is relatively insensitive to
influences from macroscopic patient motion because of the very
fast readout of the complete image data within about 100 ms. The
fast and - with respect to motion sensitivity — relatively robust
acquisition are the most important reasons that the single-shot EPI
sequence became the standard technique for DWI and DTI of the
brain.

In the presence of By inhomogeneities and susceptibility vari-
ations, however, echo-planar images frequently suffer from gross
geometrical image distortions due to the relatively long gradient-
echo train. Susceptibility variations translate to variations of the
Larmor frequencies of spins and, thus, to phase errors in the k-space
data that accumulate over the duration of the echo train [26]. This
property of EPI is a severe limitation for the application outside
the brain (where distortions are limited to few, well-known areas)
and particularly for structures or organs found in the direct neigh-
borhood of air-filled spaces (e.g., the lungs) or bone-soft-tissue
interfaces with substantially different susceptibilities. A second dis-
advantage of single-shot EPI is the relatively low spatial resolution
of typically 128 x 128 pixels that can be realized with this approach
due to the rapid T2* decay of the signal during the gradient-echo
train.

One approach to increase the spatial resolution and to reduce
the occurrence of distortion artifacts of EPI acquisitions is a seg-
mented (or multi-shot) echo-planar readout: the echo train of
a single image can be divided in several parts that are shorter
than the original single-shot readout (Fig. 3g). The total acquisition
time of a slice, however, is considerably increased in multi-shot
acquisitions, since the excitation pulses for each segment must be
separated by a repetition time of typically a few seconds. On the
one hand, by shortening the echo train length, the segmented EPI
sequence becomes less sensitive to susceptibility variations, shows
reduced distortion artifacts, and its spatial resolution can be easily
increased. On the other hand, its robustness against motion arti-
facts is substantial reduced as different states of patient motion
may now occur for each acquired segment. Navigator-echo cor-
rection schemes similarly as mentioned above for the spin-echo
approach have been applied for segmented EPI to correct for the
influences of motion [50].

Only relative recent innovations in hardware and in acquisi-
tion techniques substantially improved the suitability of EPI for
body DWI. Improved gradient systems with reduced eddy-current
effects can decrease geometric distortions. Even more important
became the application of parallel imaging techniques [51] such
as sensitivity-encoded (SENSE) MRI [52] or the generalized auto-
calibrated partially parallel acquisition (GRAPPA) technique [53].
Parallel imaging can be used to reduce the echo-train length and,
thus, the geometric distortions in echo-planar imaging and, at the
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same time, to increase the spatial resolution of EPI to 192 x 192 or
even 256 x 256 pixels [54].

3.3. Fast-spin-echo or turbo-spin-echo sequences

An alternative to diffusion-weighted EPI acquisitions are
diffusion-weighted single-shot fast-spin-echo (or turbo-spin-echo)
sequences. These sequences are also known as diffusion-weighted
“rapid acquisition with relaxation enhancement” (RARE) or
“half-Fourier-acquisition single-shot turbo-spin-echo” (HASTE)
sequences (Fig. 3d) [55,56]. Similar to echo-planar acquisition tech-
niques, these sequences are very fast (with acquisition times in
the order of 200-400 ms per image) and relatively insensitive to
motion, but provide only limited spatial resolution of typically
128 x 128 pixels due to the T2 decay of the signal during the spin-
echo train.

An important advantage of this sequence type particularly for
non-neurological applications such as DWI of the musculoskeletal
system is the insensitivity to susceptibility variations: variations of
the Larmor frequencies are inherently compensated by the refo-
cusing RF pulses. Unfortunately, inserting diffusion gradients into
the spin-echo train destroys the originally equal spacing of refo-
cusing RF pulses (which is required for optimal signal formation
and referred to as Carr-Purcell-Meiboom-Gill (CPMG) condition)
and can induce new image artifacts. Several approaches have been
suggested to overcome this disadvantage, but most solutions also
reduce the SNR of the acquired images [55,57,58]. More recently
proposed approaches can recover (almost) the full SNR [59,60], but
are not yet generally available on most MRI systems. Parallel imag-

ing can be employed to increase the spatial resolution and to reduce
the typical blurring artifacts in phase-encoding direction caused by
the T2 decay of the signal.

Similarly as in multi-shot EPI acquisitions, the fast-spin-echo
readout can be segmented in order to increase the spatial resolution
or to reduce blurring artifacts; at the cost, however, of prolonged
acquisition times and higher motion sensitivity. A related and
particularly promising approach is the recently proposed diffusion-
weighted PROPELLER (periodically rotated overlapping parallel
lines with enhanced reconstruction) or BLADE (Siemens Health-
care, Erlangen, Germany) sequence [61,62]. With these segmented,
non-Cartesian acquisition techniques, the k-space is covered by
several rotated rectangular strips, each consisting of a fast-spin-
echo train (Fig. 3h). The sequence is self-navigated since all these
strips (or blades) include an area around the center of the k-
space. This allows for motion correction similarly as in purely radial
spin-echo techniques but with higher robustness due to the larger
oversampled central k-space area.

3.4. Steady-state free-precession (SSFP) sequences

Diffusion-weighted imaging with the steady-state free-
precession (SSFP) sequence differs considerably from almost all
other DWI approaches, which employ variants of the conventional
Stejskal-Tanner diffusion-gradient scheme. The SSFP sequence
type used for DWI is the diffusion-weighted contrast-enhanced
Fourier-acquired steady-state technique (CE-FAST; here, ‘contrast-
enhanced’ refers to the inherent image contrast and not to the
administration of contrast media) or PSIF sequence [63,64]. The



0. Dietrich et al. / European Journal of Radiology 76 (2010) 314-322 319

()

RF Events 50° 50°

A
Gradients I .- F

Sequence scheme

(b)

Phase
evolution

!

Gradients
RF Events

J \J
RF1 RF2 RF3 RF4
Phase evolution diagram

Fig. 4. Diffusion-weighted steady-state free-precession (SSFP) pulse sequence: (a)
Simplified sequence scheme with diffusion gradients (light-gray boxes) and imaging
readout gradients (dark-gray boxes); two subsequent repetitions are displayed. (b)
Phase-evolution diagram of the SSFP diffusion sequence; phase angles are increased
by diffusion gradients and (partially) inverted by the RF pulses (see text).

PSIF sequence is a reversed version (with respect to the timing of
the pulse sequence events and also to the spelling of the acronym)
of the “fast imaging with steady precession” (FISP) sequence. In
contrast to the other approaches described above, only a single
(monopolar) diffusion gradient is typically inserted into each repe-
tition time, TR, of the PSIF sequence (Fig. 4a shows two subsequent
TRs) [65,66].

Spins dephased by this diffusion gradient are rephased by a
following diffusion gradient later in the sequence scheme (i.e., in
one of the following repetitions); however, not necessarily by the
immediately subsequent one. This can be illustrated in a phase-
evolution diagram (Fig. 4b): the first diffusion gradient (light-gray
box) adds an extra phase to the spins (as indicated by the first
ramp in the upper part of the diagram). The second RF pulse, RF2
(with a flip angle of typically 50°) partially reverts the phase, leaves
other spins in their current state, and rotates a third fraction of the
spins into the longitudinal direction (indicated by the gray line;
these longitudinal spins are not dephased by the following dif-
fusion gradient). Only the reverted spins form the first spin echo
(SE1) after the second diffusion gradient (i.e., after a diffusion time
of about 1 x TR); the other spins remain dephased and evolve fur-
ther until the next RF pulse (RF3) acts on them. Again, some spins
are flipped by 180°, some are left unchanged, and some are moved
from the longitudinal direction back into the transversal plane. This
last group forms a first stimulated echo (STE1) after a diffusion
time of about 2 x TR. Other spins are rephased even later. Thus,
the experienced diffusion times can be very different for the spins
that contribute to the observed signal. Consequently, the effective
diffusion weighting, b, of the PSIF sequence cannot easily be cal-
culated, but depends in a complicated way on the relaxation times
of tissue, T1 and T2, as well as on the sequence parameters, TE,
TR, and the flip angle [67,68]. Although the exact quantification
of the ADC is therefore almost impossible, diffusion-weighted PSIF
images have been shown to be extremely valuable for the differen-
tial diagnosis of vertebral compression fractures based on the visual
(non-quantitatively evaluated) image contrast between lesions and
surrounding vertebral bodies [21-23].

The diffusion-weighted PSIF sequence is relatively fast due
to the short repetition times in the order of typically 20-30 ms.

Consequently, this approach is also relatively insensitive to
the influence of bulk motion. Newer developments of SSFP
DWI include the implementation of diffusion-weighted 3D
sequences, which have been applied, e.g., for DWI of the cartilage
[69].

4. Protocol considerations for DWI of the body
4.1. Sequence recommendations for DWI of the body

In contrast to DWI of the brain, for which EPI sequences are
the established and generally accepted acquisition technique, there
is no such general agreement on the optimal method for DWI of
the body and in particular of the musculoskeletal system. Partic-
ularly in the neighborhood of interfaces of tissues with different
susceptibilities, the image quality and the reliability of the mea-
sured quantitative parameters can be very low when applying EPI
sequences due to severe image distortions and artificial signal vari-
ations. Typical examples are DWI studies in the neck/shoulders
region [70], in the thorax, or of the spinal column. In such cases,
single-shot fast-spin-echo techniques or robust segmented tech-
niques such as PROPELLER or BLADE sequences are preferable for
quantitative DWIL

On the other hand, echo-planar imaging has substantially
improved in recent years due to enhanced gradient systems, bet-
ter shim algorithms, and new reconstruction techniques such as
parallel imaging. In the liver or the kidneys, acceptable image
quality can now be obtained with diffusion-weighted EPI tech-
niques on state-of-the-art MR systems. Generally, the length of the
echo train should be minimized, e.g., by applying parallel imaging
with reduction (acceleration) factors of 2 or 3 and - addition-
ally - by partial-Fourier techniques. Due to its unsurpassed speed,
there is still no established alternative to diffusion-weighted EPI
when diffusion tensor data is to be acquired in clinically acceptable
acquisition times. In combination with breath-hold acquisitions as
required for DTI of the liver and the kidneys, only EPI provides
sufficient speed in order to acquire data in a sufficient number of
diffusion directions.

Special DWI applications such as the assessment of vertebral
compression fractures can benefit from alternative imaging tech-
niques and in particular from non-quantitative DWI based on SSFP
techniques. The potential of this approach, e.g., for the detection of
malignancies outside the musculoskeletal system, is not yet fully
explored.

4.2. The optimal diffusion weighting for DWI of the body

An important parameter for all DWI studies is the (maximal)
b-value of the applied pulse sequence. On the one hand, the con-
trast between tissues with different ADCs increases with higher
b-values. On the other hand, this process is limited by the available
SNR, since the overall signal intensity decreases with increasing
diffusion weightings and, thus, the tissue signal finally reaches
the noise level of the image (Fig. 5a), which will bias the deter-
mined ADCs if the noise level is not incorporated into the signal
analysis [71]. As a consequence, an optimal diffusion weighting
should balance between sufficient diffusion contrast and suffi-
cient SNR. A frequently found rule of thumb is that the b-value
should be about the inverse of the expected ADC [32]; e.g., for
ADCs of 1.0 x 10~3 mm?/s, the b-value should be chosen around
1000 s/mm?Z.

In DWI of the liver and particularly of the kidneys, gener-
ally lower b-values are applied than in neurological applications
since the corresponding ADCs are considerably higher (cf.
Table 1). Whereas typical ADCs in brain tissue range from 0.7 to
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Fig. 5. Signal attenuation, S/Sp, in DWI as a function of the diffusion weighting, b, for a given diffusion coefficient, D. Sy denotes the signal without diffusion weighting, without
noise, and without additional perfusion component. (a) Signal attenuation without noise (black line) and with noise (gray line); the background noise level is indicated as
dotted black line. With noise, the attenuated signal appears increased at high b-values. (b) Signal attenuation without perfusion effects (black line) and with perfusion effects

(dashed gray line); the attenuated signal appears increased at low b-values.

0.9 x 10-3mm?/s and are assessed with diffusion weightings of
about 1000 s/mm?, the ADCs of renal tissue (2.2-2.4 x 103 mm?/s)
or of liver tissue (1.8 x 10~3 mm?/s) are considerably higher. Thus,
b-values between 300 and 600 s/mm? can be used for abdominal
DWI. In addition to signal attenuations comparable to those in DWI
of the brain, lower b-values have the advantage that shorter diffu-
sion gradients can be used and, thus, shorter echo times become
possible. This is particularly importantin tissue with short T2 relax-
ation times (relative to T2 times in brain tissue) such as the liver or
the kidneys [72].

In DWI of normal and pathological bone marrow, a rel-
atively large range of ADCs is observed (from about 0.2 to
2.0 x 1073 mm?/s); thus, it is difficult to define an optimal b-value.
Since the SNR is generally very low in DWI of the bone marrow,
the optimal diffusion weighting should be somewhat lower than
for DWI of the brain. Frequently applied b-values are in the range
of 500-600s/mm? for both echo-planar and fast-spin-echo mea-
surements. To obtain a more acceptable image quality with EPI
sequences, even lower optimal b-values of about 300 s/mm? have
been proposed [73], although this may decrease the precision of
the determined ADCs because of the low signal attenuation.

In whole-body DWI, the “diffusion-weighted whole-body imag-
ing with background body signal suppression” (DWIBS) approach
is aimed to suppress the signal of most tissues while high-lighting
potential malignancies or suspect lymph nodes in grayscale-
inverted reformatted reconstructions. Therefore, relatively high
diffusion weightings (and an excellent fat suppression) are
required; typically, axial diffusion-weighted EPI sequences with a
b-value of 1000 s/mm? are applied [24,25].

In addition to the maximum b-value, the optimal choice
of the minimal b-value should be considered as well. At low
b-values between 0 and about 100s/mm?2, diffusion-weighted
techniques are sensitive not only to diffusion processes but also
to capillary tissue perfusion [74]. The combined effect of both
components results in a biexponential signal attenuation that
is dominated by perfusion at low b-values and by diffusion
at higher b-values (Fig. 5b) [75,76]. Thus, either a biexponen-
tial analysis of the signal attenuation or a minimal b-value of
about 50-100 s/mm? is recommended to reduce the influence of

perfusion effects and to measure diffusion as the predominant
attenuating effect.

5. Conclusions

Diffusion-weighted imaging of the body is a promising tool for
the detection and characterization of pathologies in various organs
or tissues. It is, however, less robust than EPI-based DWI or DTI
of the brain, and several improvements of the measurement tech-
niques as well as specific optimizations of the imaging protocols are
required to obtain reproducible results and acceptable image qual-
ity in body DWI. The most important alternative pulse sequence
types employed for DWI outside the brain are single-shot and
PROPELLER fast-spin-echo approaches as well as steady-state free-
precession sequences. If these sequences are applied with adapted
b-values (typically lower than in DWI of the brain), sufficient image
quality can be obtained and the reliable quantification of diffusion
parameters in the body is possible.
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