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Diffusion-weighted magnetic resonance (MR) imaging allows the de-
tection of focal solid and cystic lesions in the abdomen and pelvis and,
if pitfalls are to be avoided, is most effectively used in conjunction with
other imaging sequences. It is important to recognize that the strength
of the diffusion sensitizing gradient (b value) can and should be ad-
justed to ensure optimal evaluation of the body region or organ being
imaged, and that more than one b value is necessary for tissue charac-
terization. The success of lesion detection and characterization largely
depends on the extent of tissue cellularity because increased cellular-
ity is associated with impeded diffusion, as indicated by a reduction

in the apparent diffusion coefficient. It is also important to recognize
that certain normal tissues such as the endometrium are highly cellu-
lar and as such demonstrate restricted diffusion, which should not be
misinterpreted as disease. Impeded diffusion can also be seen in highly
viscous cystic lesions such as abscesses. Diffusion-weighted imaging

is an evolving technology with the potential to improve tissue charac-
terization when findings are interpreted in conjunction with findings
obtained with other conventional MR imaging sequences.

CRSNA, 2009 ¢ radiographics.rsna.org

Abbreviations: ADC = apparent diffusion coefficient, RF = radiofrequency, SNR = signal-to-noise ratio
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Introduction
Diffusion-weighted imaging in the abdomen
and pelvis has been increasingly used since the
1990s with the development of stronger diffu-
sion gradients, faster imaging sequences, and
improvements in technology and magnetic reso-
nance (MR) imaging instrumentation. Diffusion-
weighted imaging of the liver may be performed
with 14-24-second breath-hold sequences
depending on the field strength and gradient
strength of the magnet. At present, much of the
implementation is limited to academic institu-
tions, but a growing body of research indicates
that this technique provides valuable qualitative
and quantitative data regarding structural tissue
changes at a cellular level. Broader utilization in
community practice is likely in the near future,
particularly once a consensus on sequence opti-
mization and data interpretation is established.
The principles of diffusion-weighted imaging
involve exploitation of water movement in the
intra- and extracellular spaces and vessels. Sensi-
tizing diffusion gradients are used to manipulate
the signal from water molecules in these different
environments for the purpose of tissue character-
ization. Quantitative analysis may be performed
with the generation of apparent diffusion coef-
ficient (ADC) maps from diffusion images ob-
tained at different b values. It is important to rec-
ognize that diffusion-weighted sequences must be
tailored to the organ being assessed through ap-
propriate b value selection, and that this modality
has potential pitfalls and limitations.

In this article, we discuss and illustrate dif-
fusion-weighted imaging in terms of basic prin-
ciples, mechanism of qualitative and quantitative
analysis, common pitfalls, technical challenges,
and applications in the abdomen and pelvis, with
special emphasis on imaging of the liver.

Principles of
Diffusion-weighted MR Imaging
Diffusion-weighted imaging exploits the random

motion of water molecules. In a totally unre-
stricted environment, water movement would be
completely random, a phenomenon otherwise
known as Brownian motion or free diffusion (1).
Within biologic tissues, the movement of water
is not completely random, but rather, is impeded

radiographics.rsna.org
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Figure 1. Schematic illustrates water molecule

movement. In A, water molecules in a container alone
move randomly (Brownian motion). In B, highly cel-
lular tissue impedes the movement of water molecules.
Their movement can be categorized as intravascular,
intracellular, or extracellular. In C, tissue of low cel-
lularity or with defective cells permits greater water
molecule movement.

by interaction with tissue compartments, cell
membranes, and intracellular organelles. For
purposes of simplification, water movement in
tissues may be categorized as intravascular, intra-
cellular, or extracellular (Fig 1) (2,3). The extent
of tissue cellularity and the presence of intact
cell membranes help determine the impedance
of water molecule diffusion. Tissue types that
have been reported to be associated with im-
peded diffusion include tumor, cytotoxic edema,
abscess, and fibrosis. Tissues with low cellularity
or that consist of cells with disrupted membranes
permit greater movement of water molecules.
The concept that diffusion-weighted imaging is a
reflection of water movement at a cellular level is
supported by the fact that the mean diameter of
human cells is approximately 10 um and the cal-
culated root mean square displacement of water
molecules during diffusion-weighted imaging is
reported to be 8 um (4,5).

Measurement of Diffusion

A diffusion-weighted sequence was initially de-
scribed by Stejskal and Tanner in 1965 (2) as an
adaptation of a T2-weighted sequence. The clini-
cal sequence commonly used is an ultrafast spin-
echo echoplanar T2-weighted sequence with par-
allel imaging. For over 20 years, this technique
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Figure 2. (a) Schematic illustrates the effect of a diffusion-weighted sequence on water molecules (solid

circles) within highly cellular tissue or a restricted environment. The diffusion-weighted sequence is funda-
mentally a T2-weighted sequence with the application of a dephasing gradient (diffusion sensitizing gradient)
prior to the 180° RF pulse, followed by a symmetric rephasing gradient after the 180° pulse. Water molecules
within a restricted environment do not move long distances and acquire phase shifts during the application of
the first gradient that are cancelled out by phase shifts acquired during the second (opposing) gradient. As a
result, no net loss in signal intensity occurs (aside from normal T2 decay). (b) Schematic illustrates the effect
of a diffusion-weighted sequence on water molecules (solid circles) within tissue with low cellularity or a less
restricted environment. Water molecules within a less restricted environment can move long distances. Such
highly mobile molecules acquire phase information from the first gradient, but because of their motion, their
signal does not completely rephase with the second gradient, resulting in a net loss in signal intensity in addi-

tion to normal T2 decay. SE = spin-echo.

has been used for imaging of the brain. Not until
the past decade, however, have applications in the
abdomen been successfully developed, with the
development of phased-array surface coils, high
gradient amplitudes, and rapid imaging tech-
niques (echoplanar imaging and parallel imaging)
(1,6,7). The spin-echo T2-weighted sequence
consists of a 90° radiofrequency (RF) pulse fol-
lowed by a 180° RF pulse, with the T2 decay
related to transverse relaxation. Measurement of
water diffusion is possible with the application of
a dephasing gradient (diffusion sensitizing gra-
dient) prior to the 180° RF pulse. A symmetric
rephasing gradient is then applied after the 180°
RF pulse (Fig 2a). In a simplified model, the ef-
fect of the first (dephasing) gradient is cancelled
out by the second (rephrasing) gradient in tissues
with limited or impeded water movement, such
as the highly cellular tissue of tumors. Therefore,
there is little impact on the overall T2 decay,

and the T2 signal of the tissue is maintained. In
tissues with unimpeded water movement (low-
cellularity tissue), water molecules may move a
considerable distance between the dephasing and
rephasing gradient applications. Consequently,
the mobile water molecules will not be fully re-

phased, resulting in a reduction in overall T2 sig-
nal intensity (Fig 2b). Therefore, the movement
of water molecules is represented by a reduction
in signal intensity on diffusion-weighted images
and is proportional to the degree of signal loss.

What Is the b Value?

The term b value refers to the strength of the
diffusion sensitizing gradient. The b value is pro-
portional to the gradient amplitude, the duration
of the applied gradient, and the time interval
between paired gradients and is measured in sec-
onds per square millimeter (8). The sensitivity of
the diffusion sequence is adjusted by varying the
b value, which is most readily achieved by altering
the gradient amplitude (1).

Importance of the b Value

Because the b value is the strength of the diffusion
sensitizing gradient, at a b value of 0 sec/mm? (e,
no diffusion sensitizing gradient), free water mole-
cules have high signal intensity, the signal intensity
being based on T2 weighting.

Small b values (50-100 sec/mm?) will result in
signal loss in highly mobile water molecules such
as occur within vessels. This is because the water
molecules will have moved quickly over relatively
longer distances by the time the rephasing gradi-
ent is applied, and consequently will not regain
their original phase information after application
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of the rephasing gradient. The resulting images
are referred to as “black-blood” images due to

the signal loss in the fast-flowing blood within

vessels (Fig 3) (1,3).

Because water movement in highly cellular tis-
sues is restricted, the water molecules within such
tissue retain their signal even at high & values
(500-1000 sec/mm?). This explains why highly
cellular tissues such as tumor, neurologic tissue
(brain, spinal cord), normal lymphatic tissue,
bowel mucosa, and normal endometrium appear
persistently bright on diffusion-weighted images,
even at high b values (Fig 4) (3).

Qualitative Assessment of

Diffusion-weighted Imaging
Diffusion-weighted imaging is performed with
at least two b values, including a b value of 0 sec/
mm? and a higher b value of 500-1000 sec/mm?
depending on the body region or organ being
imaged. The signal decay in tissues at different b
values is generally biexponential (Fig 5a) (3).The
initial component of signal decay is signal loss
caused by flowing blood (fast-moving water mol-
ecules will dephase but will not readily rephase
and will lose signal even with small b values). The
second component is due to the movement of
water in the intra- and extracellular spaces. A
region of high signal intensity at high b-value dif-
fusion-weighted imaging suggests restricted diffu-
sion consistent with highly cellular tissue (tightly
packed water molecules may readily be rephased
by the rephasing gradient). The signal loss in
water molecules at different b values can be used
for lesion detection or characterization. However,
interpretation of diffusion-weighted imaging find-
ings should be performed in the context of other
sequences (see “Common Pitfalls in Diffusion-
weighted Imaging”).

Quantitative Analysis
of Diffusion-weighted
Imaging Findings and ADC
The ADC represents the slope (gradient) of a
line that is produced when the logarithm of rela-
tive signal intensity of tissue is plotted along the
y-axis versus b values along the x-axis (Fig 5),
thereby linearizing the exponential decay func-
tion. Quantitative analysis of diffusion-weighted
imaging findings can be performed only if at
least two b values are used for imaging. The op-
timal b values for tissue characterization depend
on the tissue (organ) being evaluated. In the

radiographics.rsna.org

Figure 3. Axial diffusion-weighted image (b = 0 sec/
mm?) obtained in a 60-year-old woman shows a signal
void within the inferior vena cava (arrow). Small b val-
ues will result in decreased signal of highly mobile water
molecules such as occur within vessels. Such images are
referred to as black-blood images due to the decreased
signal of the fast-flowing blood within vessels.

Figure 4. Sagittal diffusion-weighted image (6 = 800
sec/mm?) obtained in a 38-year-old woman shows the
endometrium with normal high signal intensity (arrow).

liver, b values of 0 and 500-600 sec/mm? are typ-
ically used (9,10). Although at least two b values
are required for diffusion-weighted imaging anal-
ysis, the application of a greater number of b val-
ues will improve the accuracy of the calculated
ADC. The disadvantage of using multiple high &
values is an associated increase in scanning time.
The analysis of ADC is an automated process
that is available as an application on most scan-
ners or on a workstation. Calculation of ADC

is independent of magnetic field strength and is
made for each pixel of an image. The ADC can
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Figure 5. (a) Graph illustrates signal intensity versus b values at diffusion-weighted imag-
ing (DWI) of tissue with normal versus restricted diffusion. (b) Graph illustrates the loga-
rithm of signal intensity versus b values at diffusion-weighted imaging of normal liver versus
liver tumor. The signal of water molecules decays exponentially with increasing b values for
different tissue types. The decay in signal is reduced in tissues with restricted diffusion (eg,
tumor). The ADC represents the slope (gradient) of the plotted lines. The greater the num-
ber of b values used in the analysis, the more accurate the ADC calculation.

a.

Figure 6. T2 shine-through in a 42-year-old woman with a small cyst in the left hepatic lobe. (a) T2-weighted im-
age shows a cyst (arrow) with very high signal intensity despite its small size. (b) On a diffusion-weighted image (b =
500 sec/mm?), the cyst (arrow) reflects T2 shine-through rather than restricted diffusion.

then be displayed as a parametric map and es- bladder) have a very long T2 relaxation time and
sentially reflects differences in tissue diffusivity at demonstrate high signal intensity even at high &
different & values. ADC measurements are then values, despite some signal loss in mobile water
recorded for a given region by drawing regions of molecules (Fig 6). This pitfall may be avoided by
interest on the ADC map. referring to the ADC map (exponential image),

which is a graphic representation of the ratio of

Common Pitfalls in the diffusion-weighted signal intensities (1). A
Diffusion-weighted Imaging cyst will demonstrate high signal intensity on

T2-weighted images and on diffusion images ob-
T2 Shine-through tained at b values of 0 and 500 sec/mm?, but also
The signal intensity on diffusion-weighted im- on the ADC map. Unlike a cyst, a region with
ages is dependent on water molecule diffusion truly restricted diffusion will demonstrate low
and T2 relaxation time. Thus, lesions with a high signal intensity on the ADC map.

fluid content (such as cysts or fluid in the gall-
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Figure 7. Hemangioma. (a) Gadolinium-enhanced gradient-echo T1-weighted MR image shows a hemangioma
with peripheral nodular enhancement (arrow). (b) On a fast spin-echo T2-weighted MR image, the hemangioma
(arrow) is lobulated and demonstrates very high signal intensity. (¢) On a diffusion-weighted image (6 = 500 sec/
mm?), the hemangioma (arrow) demonstrates high signal intensity due to slow-flowing blood. (d) ADC map shows
the diffusion of the hemangioma (arrow) to be similar to that of background liver (ie, unimpeded).

Slow-flowing Blood

Whereas water molecules within vessels are highly
mobile and readily lose signal at low b values,
slow-flowing blood within a region may demon-
strate the signal intensity characteristics of a highly
cellular lesion. This pitfall is readily observed

on diffusion-weighted images of a hemangioma,
which demonstrates high signal intensity at a

b value of 500 sec/mm? due to the presence of
slow-flowing blood and may also demonstrate low
signal intensity on the ADC map. Consequently,

a hemangioma could be mistaken for a solid liver
tumor or metastatic lesion. In this situation, inter-
pretation of the findings obtained with other MR
sequences is very helpful, since even very small he-
mangiomas characteristically have very high signal

intensity on T2-weighted images, whereas larger
hemangiomas demonstrate the typical interrupted
peripheral nodular enhancement pattern with pro-
gressive centripetal filling (Fig 7).

Iron Overload

Diffusion-weighted imaging is most commonly
performed with an echoplanar sequence, which

is highly susceptible to artifact. The presence of
increased levels of liver iron has been suggested
to result in signal loss at diffusion-weighted im-
aging, and it is postulated that the susceptibil-

ity effect of iron could be exploited to facilitate
detection of liver metastases: Superparamagnetic
iron oxide particles would be taken up by Kupffer
cells in nontumorous liver, which would lose
signal intensity on diffusion-weighted images,
thereby increasing the relative signal intensity of
metastases (11,12). Naganawa et al (11) reported
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Commonly Used Protocol for Diffusion-
weighted Imaging of the Abdomen and Pelvis

Parameter Description

Free breathing
>2500 (3000-3500)
(abdomen);
>3500 (pelvis)
Minimum (70-80)
28-40 (abdomen),
24-28 (pelvis)
6-8/1-2
Spectral selected/STIR

Patient disposition
Repetition time (msec)

Echo time (msec)
Field of view (cm)

Section/gap width (mm)
Fat suppression

Parallel imaging factor 2
Matrix 128 x 128
Number of signals ac- 2

quired

b values (sec/mm?) 0, 50, 150,500 (abdo-
men); 0, 100, 800

(pelvis)

Note.—STIR = short inversion time inversion
recovery.

an improvement in the detection of liver malig-
nancy with a combination of superparamagnetic
iron oxide particles and diffusion-weighted imag-
ing. The advantage of improved contrast between
metastases and nontumorous liver that may result
from the use of superparamagnetic iron oxide
particles relative to the potential disadvantage of
poorer detection of small metastatic foci owing

to adjacent iron-related susceptibility artifact has
not been established.

Technical Challenges
Diffusion-weighted imaging may be performed
with a number of different techniques, includ-
ing spin-echo, fast spin-echo, gradient-echo, and
echoplanar imaging, with the latter being the
most commonly used (1,13,14). The major limi-
tations of diffusion-weighted MR imaging are
(a) the low signal-to-noise ratio (SNR) inherent
in the technique; and (b) susceptibility to arti-
fact, which is associated with echoplanar imag-
ing. Strategies that may be used to increase SNR
include imaging at a higher field strength (3.0
T vs 1.5T); minimizing echo time (<100 msec);
increasing the number of signals acquired (two or
three), which must be balanced against the result-
ing increase in imaging time; and use of a coarse
matrix (128 x 128 at 1.5T, 256 x 256 at 3.0'T).
The SNR may also be increased by increasing the
section thickness (typically a minimum of 6-7
mm) and field of view. The use of parallel imag-

Qayyum 1803

ing techniques permits rapid imaging and reduc-
tion in motion artifact, which also helps improve
the accuracy of ADC calculation. Faster imaging
allows the application of b values in multiple di-
rections (generally three orthogonal planes are
used in the liver) with the use signal averaging to
increase SNR. Free-breathing techniques are as-
sociated with a higher SNR than are breath-hold
techniques, and the longer possible acquisition
time readily allows the application of multiple

b values. However, the advantage of breath-hold
imaging is the reduction in susceptibility artifact
due to motion. Ghosting from respiratory motion
and chemical shift artifact are reduced by fat sup-
pression, which may be performed with a number
of different techniques such as spectral fat sup-
pression; water excitation; short inversion time
inversion recovery, which provides uniform fat
suppression over large volumes; and chemical fat-
selective saturation and selective water excitation
for analysis of smaller volumes made possible by
the higher SNR of the images (14). To minimize
T1 effects, a long repetition time is used. The
repetition time for diffusion-weighted imaging in
the liver is at least three times the T'1 of a typical
metastasis (>2500 msec). A commonly used pro-
tocol for diffusion-weighted imaging in the abdo-
men and pelvis is shown in the Table. It is impor-
tant to note that ADC measurements obtained
from breath-hold diffusion-weighted images
cannot be directly translated into those obtained
with free-breathing or respiratory-triggered tech-
niques, which are reportedly associated with
higher ADC values (15). ADC measurements
may vary not only with different imaging param-
eters, but also with different types of scanners.
The mechanism for comparative analysis of ADC
has yet to be determined.

Clinical Applications of Diffu-
sion-weighted Imaging in the Liver
The clinical applications of diffusion-weighted
imaging in the liver include detection and charac-
terization of focal lesions, evaluation of posttreat-
ment changes in the tumor microenvironment,
and evaluation of diffuse liver disease.

Focal Liver Lesion Detection

The ability to detect tumors with diffusion-
weighted imaging is based on the premise that
tumors have increased cellularity compared with
healthy background tissue. Consequently, tumors
demonstrate relatively higher signal intensity
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Figure 8. Hepatocellular carcinoma in an 81-year-old woman. (a) Gadolinium-enhanced T'1-weighted MR im-
age shows a hypervascular mass (arrow). (b) On a fat-suppressed fast spin-echo T2-weighted MR image, the mass
is slightly hyperintense (arrow). (¢) Diffusion-weighted image (b = 500 sec/mm?) shows the mass with high signal
intensity (arrow). (d) On an ADC map, the mass demonstrates restricted diffusion (arrow).

on diffusion-weighted images, with the contrast
being accentuated by the relative reduction in
signal intensity of the less cellular normal liver
parenchyma (Fig 8). Diffusion-weighted imag-
ing is increasingly being used for the detection
of liver metastases (14). The actual detection of
liver tumor is reported to be greater at low b val-
ues (50-150 sec/mm?); Parikh et al (16) reported
significant improvement in the detection of focal
liver lesions with low b-value diffusion-weighted
imaging (88% accuracy) compared with T2-
weighted imaging (70%) (17). High & values are
considered to be more important for the charac-
terization of focal liver lesions; however, the high
signal intensity of a lesion at high & values is most
effectively interpreted in conjunction with the le-
sion characteristics seen with other conventional
MR sequences. Quantitative measurement of
ADC has also been shown to be an indicator of
malignancy in focal liver lesions, with a reduction
in mean ADC (low signal intensity on an ADC

map) of malignant lesions (Fig 8) compared with
benign lesions (18). Bruegel et al (18) reported
that an ADC threshold of 1.63 x 10> mm?/sec
could be used to correctly characterize 88%

of lesions as either benign or malignant. In the
context of a partially necrotic tumor, the region
of necrosis would be expected to demonstrate a
higher ADC (less impeded diffusion) than would
the nonnecrotic portion; therefore, a region of
necrosis would result in heterogeneity of the
signal intensity of the metastasis on diffusion-
weighted images, such that the necrotic portion
would show progressive reduction in signal inten-
sity with increasing b values, unlike the nonne-
crotic portion (1). The interpretation of absolute
measurements has yet to be clarified, since there
are many factors (instrumental, sequencing,
biologic) that may potentially influence ADC
measurement. Despite its current limitations with
respect to focal lesion characterization, however,
diffusion-weighted imaging may be helpful in
lesion detection in patients with impaired renal
function or contrast allergies precluding the use
of dynamic gadolinium-enhanced imaging.
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Prediction of Tumor

Response and Evaluation of
Posttreatment Tumor Changes

There is a growing interest in the prediction of
tumor response to therapy with the application
of diffusion-weighted imaging (3). Koh et al
(19) described the observation of high ADC of
colorectal metastases to the liver as an indicator
of poor response to chemotherapy. A possible
rationale for this observation is that higher ADC
values may indicate tumor necrosis, which is
thought to be representative of reduced perfusion
and therefore reduced response to chemotherapy.
A number of other studies have also reported an
increase in lesion ADC following chemotherapy
(1,3,20,21). Kamel et al (22) recently reported a
significant increase in the ADC value of hepato-
cellular carcinoma 1-2 weeks after transarterial
chemoembolization. The ability to detect early
tumor response to therapy or to characterize
features that are indicative of poor response is
clearly clinically important, and further research
is required in this area.

Evaluation of Diffuse Liver Disease

The obesity epidemic in the United States and
the resultant burgeoning of obesity-related com-
plications has led to an increased prevalence

b.

Figure 9. Diffuse liver disease. (a) ADC map obtained
in a 36-year-old woman with grade O steatosis and stage
0 fibrosis shows no pathologic findings. Arrow indicates
the right hepatic lobe. (b, ¢) ADC maps obtained in a
56-year-old man with nonalcoholic fatty liver disease,
grade 1 steatosis, and stage O fibrosis (b) and in a 50-
year-old woman with nonalcoholic fatty liver disease,
grade 1 steatosis, and stage 1 fibrosis (c¢) show restricted
diffusion in the right hepatic lobe (arrow). Regions of
interest placed in the right hepatic lobe may be used to
measure ADC. ADC measurements of the left lateral
segment are typically degraded by cardiac motion.

of nonalcoholic fatty disease with the potential
to progress to significant liver injury (23,24).
Increased hepatic steatosis and, in particular,
collagen deposition in fibrosis and cirrhosis are
associated with a reduction in ADC (Fig 9)

(25), and it has been shown that the ADC in

the liver is significantly reduced in patients with
cirrhosis (9,26-29). An inverse correlation of
ADC with severity of liver disease in patients
with viral hepatitis has been documented but
with variable results (27,30,31). Boulanger et

al (30) studied 18 patients with hepatitis C and
10 control subjects and reported no correlation
between ADC and fibrosis scores. Koinuma et al
(27) reported a significant decrease in ADC with
increased fibrosis score in 31 patients (21 with
chronic hepatitis and 10 with cirrhosis). Taouli
et al (9) reported that ADC could be used to de-
tect stage 2 or greater fibrosis in 19 patients with
chronic hepatitis. In preliminary studies (z = 63),
Qayyum et al (25) observed that liver ADC was
significantly lower in patients with nonalcoholic
fatty liver disease than in healthy volunteers, with
an area under the ROC (receiver operating char-
acteristic) curve of 0.98. In addition, the correla-
tion between ADC and liver fibrosis significantly
increased with use of an ADC value of less than
1.6 X 10 mm?*'sec when fat correction was per-
formed on liver ADC values (25,32).
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Prostate cancer in a 64-year-old man. (a) On an axial T2-weighted MR image obtained

with an endorectal coil, the peripheral zone of the prostate gland appears normal (ie, has high signal
intensity), but a questionable focus of hypointensity is seen in the anterior left central portion of the
gland (arrow). (b) Axial ADC map more clearly depicts the questionable area as a hypointense focal re-

gion of restricted diffusion (arrow).

Continuing technical improvements in diffu-
sion-weighted imaging, with reduction in acquisi-
tion time and motion artifact as well as the ability
to obtain multiple b values, is likely to improve
the ability to stage diffuse liver disease. In addi-
tion to the many technical hurdles, quantitative
analysis of diffusion-weighted images is ham-
pered by factors of disease heterogeneity, con-
founding biologic factors such as the presence of
liver fat versus fibrosis, the potential susceptibility
effects of increased liver iron in advanced liver
disease, and conditions caused by iron overload
such as hemachromatosis.

Other Abdomino-
pelvic Applications of
Diffusion-weighted Imaging

Diffusion-weighted imaging is being used for a
number of other investigational applications in
the abdomen and pelvis, including detection of
prostate cancer and uterine cancer and the as-
sessment of focal renal disease.

Prostate cancer is a major cause of morbidity
and mortality in American men and represents
the second most common fatal cancer in this
population. However, many cases of prostate
cancer are subclinical, and microscopic foci of in-
cidental prostate cancer can be detected in up to
40% of men at autopsy (33).

Prostate cancer commonly occurs in the pe-
ripheral zone of the prostate gland, with only
approximately 20% of tumors arising from the
central portion of the gland. The characteristic
appearance of peripheral zone prostate cancer

at MR imaging is a focal ovoid lesion with low
T2 signal intensity. The difference in contrast
between the tumor (low T2 signal intensity) and
the peripheral zone (high T2 signal intensity) al-
lows the detection of prostate cancer. Although
this classic imaging appearance of tumor has
been recognized for some time (34), low T2 sig-
nal intensity in the peripheral zone is nonspecific
and may be caused by other nonmalignant condi-
tions such as prostatitis, hemorrhage, and treat-
ment change, which may make the MR imaging
detection and staging of prostate cancer difficult.
Prior studies have reported MR imaging to have
a sensitivity of 77%-81% and a specificity of
46%—61% for the regional detection of prostate
cancer (localization is commonly based on an
arbitrary division of the prostate gland into six
regions or sextants by subdividing the right and
left halves of the gland into an apex, midgland,
and base) (35). The detection of central gland
tumors with conventional MR imaging poses a
greater challenge due to the very heterogeneous
T2-weighted appearance of the central gland
typical of benign prostatic hypertrophy (Fig 10).
Within the past decade, diffusion-weighted imag-
ing has also been introduced as a means of de-
tecting prostate cancer (36). Diffusion-weighted
imaging of the prostate gland requires very high
b values (1400-1600 sec/mm?) to overcome the
effect of T2 shine-through within the peripheral
zone. Studies have suggested that malignant nod-
ules may have a lower ADC than does normal
peripheral zone glandular tissue (1.30 x 10~
mm?/sec vs 1.7 X 10~ mm?/sec) (37). Prostate
cancer demonstrates high signal intensity on
diffusion-weighted images obtained at high &
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Figure 11. Renal cell carcinoma in a 54-year-
old woman. (a) Fast spin-echo T2-weighted MR
image shows a mass (arrow) that arises from the
left kidney. The mass demonstrates intermediate
signal intensity, a finding that is consistent with a
solid mass or hemorrhagic cyst. (b) Axial diffusion-
weighted image (b = 500 sec/mm?) shows the mass
with high signal intensity (arrow). (¢) On an axial
ADC map, the mass (arrow) demonstrates low sig-
nal intensity (restricted diffusion), a finding that is
consistent with a solid tumor.

Qayyum 1807

values and has low signal intensity on ADC maps
(Fig 10). The imaging features of prostate cancer
on diffusion-weighted images may be particularly
helpful in the evaluation of regions of variable
T2 signal intensity, such as within the central
gland. The combined use of T2-weighted and
diffusion-weighted imaging has been reported

to be superior to T2-weighted imaging alone for
tumor detection in the peripheral zone (38). It is
important to note that the range of absolute ADC
values typically overlaps when benign and ma-
lignant nodules are compared, and furthermore,
that ADC variations may even occur in a patient
as he or she ages (39).

A few studies have evaluated the role of
diffusion-weighted imaging in the cervix. Nor-
mal cervical stroma contains large amounts of
fibrous tissue, so that it demonstrates low signal
intensity on T2-weighted images and delayed en-
hancement on gadolinium-enhanced images. Be-
cause of the greater cellularity of cervical cancer
compared with the normal fibroelastic cervical
stroma, tumor demonstrates higher signal inten-
sity on T2-weighted images and greater enhance-

ment on gadolinium-enhanced T1-weighted im-
ages. The relatively greater cellularity of cervical
cancer may also explain the appearance of this
tumor on diffusion-weighted images. Cervi-
cal carcinoma has been shown to demonstrate
impeded diffusion relative to normal cervical
stroma, and a significantly lower ADC has been
reported in cervical carcinoma (1.09 £ 0.2 X
102 mm?/sec) compared with the normal cervix
(1.79 £0.24 x 107 mm?/sec) (39). Although a
few studies have investigated the use of diffusion-
weighted imaging for lymph node assessment
in malignancies (40), there is no established
consensus as to whether this technique offers an
advantage in gynecologic cancers. According to
Whittaker et al (41), both benign and malignant
lymph nodes demonstrate high signal intensity at
high b values (>1000 sec/mm?). Furthermore, the
presence of necrosis within a lymph node repre-
sents a potential pitfall in lymph node analysis.
Diffusion-weighted imaging of the kidney re-
quires high b values of at least 1000 sec/mm?. The
differentiation of solid from cystic lesions in the
kidney (Fig 11) and ADC-based differentiation of
benign cysts from nonenhancing necrotic or cys-
tic tumors have been suggested (42). However,
the differentiation of solid benign from malignant
tumors in the kidney remains a challenge (43).
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Studies have also been performed in a variety
of other tumors and organs, including colorectal
carcinoma and the pancreas (44,45). Shinya et al
(46) compared colonoscopic findings with com-
puted tomographic (CT) and diffusion-weighted
imaging findings in 18 patients with colorectal
cancer. No significant difference was reported
in the ability to detect early-stage cancer with
CT versus diffusion-weighted imaging, but the
latter modality was reported to be superior in
the detection of liver metastases. ADC measure-
ments in patients with colorectal cancer suggest
a role for ADC in predicting treatment response
(47,48). These studies suggest that tumors with
a low baseline ADC are associated with a greater
response to chemotherapy. Such an observation
may be explained on the basis of a higher ADC
for tumors with necrosis, which is predictive of
poor chemotherapeutic response (1,48). Fattahi
et al (45) reviewed diffusion-weighted images
(b = 600 sec/mm?) obtained in 14 patients with
mass-forming pancreatitis, 10 patients with ade-
nocarcinoma, and 14 healthy subjects. Compared
with focal pancreatitis, pancreatic adenocarci-
noma was reported to show a significantly greater
difference in signal intensity (greater diffusion
impedance) relative to background pancreatic pa-
renchyma on diffusion-weighted images.

In summary, diffusion-weighted imaging has
the potential to help detect and characterize focal
lesions in the liver and to help detect and stage
diffuse liver disease. There has also been a grow-
ing interest in the ability to distinguish benign
from malignant lesions in other organs in the
abdomen and pelvis. The protocol used should
be tailored to the organs being imaged, especially
with respect to b value selection. Diffusion-
weighted techniques involve many difficulties
owing to low SNR, are prone to artifact, and
continue to evolve. Although diffusion-weighted
imaging lends itself well to providing functional
and structural information about biologic tissues,
it is best used to solve specific problems. To date,
studies on diffusion-weighted imaging are small
and vary with respect to technical parameters
and instrumentation. Improvement in patient
outcome with diffusion-weighted imaging has
yet to be established. Interpretation of diffusion-
weighted images should be performed in the con-
text of other MR imaging morphologic findings
and signal intensity characteristics.

radiographics.rsna.org

Conclusion
Diffusion-weighted MR imaging is an evolving
technology with the potential to improve tissue
characterization when findings are interpreted
in conjunction with findings obtained with other
conventional MR imaging sequences.
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Page 1798

The extent of tissue cellularity and the presence of intact cell membranes help determine the
impedance of water molecule diffusion. Tissue types that have been reported to be associated with
impeded diffusion include tumor, cytotoxic edema, abscess, and fibrosis. Tissues with low cellularity
or that consist of cells with disrupted membranes permit greater movement of water molecules.

Page 1799
Therefore, the movement of water molecules is represented by a reduction in signal intensity on
diffusion-weighted images and is proportional to the degree of signal loss.
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The term b value refers to the strength of the diffusion sensitizing gradient.

Page 1800
Diffusion-weighted imaging is performed with at least two b values, including a b value of 0 sec/mm2
and a higher b value of 500--1000 sec/mm2 depending on the body region or organ being imaged.

Page 1800
The ADC represents the slope (gradient) of a line that is produced when the logarithm of relative
signal intensity of tissue is plotted along the y-axis versus b values along the x-axis.





