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Diffusion-weighted imaging relies on the detection of the random mi-
croscopic motion of free water molecules known as Brownian move-
ment. With the development of new magnetic resonance (MR) imaging
technologies and stronger diffusion gradients, recent applications of
diffusion-weighted imaging in whole-body imaging have attracted con-
siderable attention, especially in the field of oncology. Diffusion-weight-
ed imaging is being established as a pivotal aspect of MR imaging in
the evaluation of specific organs, including the breast, liver, kidney, and
those in the pelvis. When used in conjunction with apparent diffusion
coefficient mapping, diffusion-weighted imaging provides information
about the functional environment of water in tissues, thereby augment-
ing the morphologic information provided by conventional MR imag-
ing. Detected changes include shifts of water from extracellular to intra-
cellular spaces, restriction of cellular membrane permeability, increased
cellular density, and disruption of cellular membrane depolarization.
These findings are commonly associated with malignancies; therefore,
diffusion-weighted imaging has many applications in oncologic imaging
and can aid in tumor detection and characterization and in the predic-
tion and assessment of response to therapy.
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Introduction
Diffusion-weighted imaging has been used to
help detect early stroke and other neurologic dis-
eases since the 1990s. Since that time, a growing
number of studies have demonstrated the useful-
ness of this method in both the detection and
characterization of lesions—more specifically, in
the field of oncologic imaging. The application of
a diffusion-weighted sequence in whole-body im-
aging has gained more popularity with new tech-
nical developments in magnetic resonance (MR)
imaging, including multichannel coils, echopla-
nar imaging, and stronger gradients (1), leading
to a reduction in the amount of time required for
diffusion-weighted imaging to less than 1 minute.
Therefore, these sequences can be added to the
imaging protocol without significantly increasing
overall acquisition time. Another benefit of diffu-
sion-weighted imaging is its use of inherent tissue
contrast; hence, no exogenous contrast material is
required. The aforementioned improvements and
a growing body of research have led to the ever-
increasing utilization of diffusion-weighted imag-
ing for specific applications, including oncologic
imaging of the liver (2), prostate gland (3), and
breast (4), as well as whole-body imaging (5).

In this article, we review the principles of diffu-
sion-weighted imaging and apparent diffusion co-
efficient (ADC) mapping as an imaging biomarker
for tissue characterization, cancer detection and
staging, and assessment of treatment response.

Principles of

Diffusion-weighted Imaging
To understand the concept of diffusion-weighted
imaging, one must understand the principles
of free versus restricted diffusion in the cellular
microenvironment. Free water molecules are in
constant random motion, known as Brownian
motion, which is related to thermal kinetic en-
ergy. In contrast, the motion of water molecules
within the cellular microenvironment is impeded
by their interaction with cellular compartments,
including the cell wall and intracellular organelles
(6). In other words, restriction in the diffusion
of water molecules is directly proportional to the

radiographics.rsna.org

degree of cellularity of the tissue. This restricted
diffusion is observed primarily in malignancies,
hypercellular metastases, and fibrosis, which
contain a greater number of cells with intact cell
walls than does healthy tissue (Fig 1). In contrast,
in a microenvironment with fewer cells and a de-
fective cell membrane (eg, the necrotic center of
a large mass), water molecules are able to move
freely (ie, diffusion is less restricted) (1).

Diffusion-

weighted Imaging Technique
The most common method used for diffusion-
weighted imaging is to incorporate two symmet-
ric motion-probing gradient pulses into a single-
shot spin-echo (SE) T2-weighted sequence,
one on either side of the 180° refocusing pulse
(Stejskal-Tanner sequence) (Fig 2). This can be
explained at the molecular level by the fact that a
diffusion gradient causes the phase shift to vary
with position, with all spins that remain at the
same location (ie, restricted diffusion microenvi-
ronment) along the gradient axis during the two
pulses returning to their initial state. However,
spins that have moved (ie, free water molecules)
will be subjected to a different field strength dur-
ing the second pulse and therefore will not return
to their initial state, but will instead undergo a
total phase shift, resulting in decreased intensity
of the measured MR signal (7). The degree of
signal attenuation depends on multiple factors as
shown in the following equation:

SI = SI, x exp(=b x D),

where SI is the signal intensity of the T2-
weighted image with no diffusion gradient ap-
plied, b is the degree of diffusion weighting (b
value), and D is the diffusion coefficient (5). The
sensitivity of diffusion-weighted imaging to diffu-
sion can be incrementally increased by increasing
the amplitude, duration, and temporal spacing of
the two motion-probing gradients. These gradi-
ent properties determine the b value (expressed
in seconds per square millimeter), an index of the
degree of diffusion weighting (Fig 2). In clinical
practice, multiple b values are used to reduce the
error in ADC calculation for improved character-
ization of tissue (Fig 3).
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Figure 1. Relationship between degree of cellularity and restricted diffusion. (a) High-power pho-
tomicrograph (original magnification, X400; hematoxylin-eosin stain) of normal liver parenchyma
demonstrates abundant space for the motion of water molecules. (b) High-power photomicrograph
(original magnification, X400; hematoxylin-eosin stain) of a hepatocellular carcinoma shows a
greater number of cellular elements, resulting in less space for the motion of water molecules.
(Courtesy of Hui Guan, MD, Johns Hopkins Medical Institutions, Baltimore, Md.)
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Figure 3. Use of multiple & values to improve tissue characterization. (a) On an axial diffusion-
weighted image (b = 300 sec/mm?) obtained in a 20-year-old man with a history of mesenchymal
chondrosarcoma of the skull who presented with abdominal pain and multiple hepatic lesions, the
liver lesions appear bright (arrowheads). It is not possible to distinguish between the solid and cystic
components of these lesions without using a higher b value or an ADC map. (b) Axial diffusion-
weighted image (b = 600 sec/mm?) shows a decrease in signal intensity at the center of the lesions, as
well as peripheral restricted diffusion. (c) Axial ADC map reconstructed from images obtained at b

values of 0 and 750 sec/mm? shows a peripheral dark rim (arrow) representing viable tumor.

Quantitative
Analysis with Diffusion-

weighted Imaging—-ADC Mapping
ADC is calculated during postprocessing with
use of at least two different & values. The ADC
value is the slope of the line that is superimposed
on the plot of the logarithm of relative signal
intensity (y-axis) versus b value (x-axis) (Fig 4).
A more accurate ADC value can be obtained by
using more diffusion-weighted images with differ-
ent b values. The final image with different ADC
values calculated for each pixel of an image is
referred to as an ADC map. By drawing regions
of interest within a lesion, the ADC value for the
lesion can be ascertained. The regions with more
restricted diffusion and, therefore, higher diffu-
sion-weighted signal show lower ADC values (8).
It is important to remember that ADC maps have
poor anatomic detail and should be analyzed in
conjunction with other MR images, including dif-
ferent b-value diffusion-weighted images, higher-
resolution anatomic images, and, if available,
contrast material-enhanced images.

Artifacts and Pitfalls of
Diffusion-weighted Imaging

T2 Shine-Through Effect
The SE sequence used in diffusion-weighted im-
aging is T2 weighted, and the signal intensity of

the tissue depends on both the T2 signal and the
degree of signal attenuation after applying the
motion-probing gradient pulses. Therefore, in tis-
sues with very long T2 relaxation times, the strong
T2 signal may be mistaken for restricted diffusion,
a phenomenon known as T2 shine-through effect.
The easiest way to distinguish between restricted
diffusion and T2 shine-through is to generate an
ADC map, on which the former appears as an
area of low signal intensity (low ADC values) and
the latter as a high-signal-intensity area (Fig 5).
There are other techniques for reducing T2 shine-
through, such as using (@) a high b value and a
short echo time to decrease the T2 signal, or

(b) an exponential imaging technique in which
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Log Relative SI

Figure 4. Graph illustrates the logarithm of
relative signal intensity (SI) (y-axis) versus b

ADC Map value (in this case, 0 and 500 sec/mm?) (x-
axis) for tumor and normal tissue. The slope
» of the “tumor line” is less than that of the line
0 500 representing normal tissue, which translates
b value (s/mm?) into lower signal on the ADC map.

Figure 5. T2 shine-through effect in a 53-year-old woman with a history of islet cell tumor of the
pancreas who presented with hepatic metastasis. (a) Axial diffusion-weighted image (6 = 300 sec/mm?)
shows a mass with restricted diffusion (arrow) in the pancreatic head. Hepatic metastasis (arrowheads)
with central increased signal intensity is also noted. (b) Axial diffusion-weighted image (b = 600 sec/
mm?) demonstrates persistent high signal intensity within both the necrotic mass (arrow) and an
adjacent liver cyst (arrowhead), a finding that is compatible with T2 shine-through. (c) Axial ADC
map helps confirm the presence of T2 shine-through, showing high signal intensity in the area
of necrosis and low signal intensity in the truly malignant tissue in the pancreatic head.
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Figure 6. Poorly differentiated invasive ductal breast carcinoma in a 44-year-old woman. (a) Sagit-
tal diffusion-weighted image (b = 800 sec/mm?) shows two nodules with restricted diffusion (arrow-
heads). (b) Sagittal ADC map shows restricted diffusion throughout the upper (solid) tumor and in
the peripheral rim of the lower (necrotic) mass, with higher ADC values in the center of the mass.
(c) Dynamic contrast-enhanced MR image with superimposed color coding shows increased per-
meability in the region of the cancer. The image was reconstructed on the basis of pharmacokinetic
modeling and reflects the perfusion parameters of the malignant tissue, especially increased perme-
ability, which corresponds to the regions with low ADC values in b.

a new image is generated by using the ratio of
the diffusion-weighted image divided by the non-
weighted image (b = 0).This calculation is based
on the signal attenuation equation shown earlier
(see “Diffusion-weighted Imaging Technique™).

Susceptibility Artifact

An echoplanar sequence is used for diffusion-
weighted image acquisition and is especially
susceptible to magnetic field heterogeneities. The
use of an echoplanar sequence in abdominal im-
aging is particularly challenging due to the pres-
ence of air within the gastrointestinal tract and
lung bases (9). Other sources of susceptibility ar-
tifact include medical devices (eg, metallic stents,
surgical clips) and grafts. One way to reduce sus-
ceptibility artifact is to shorten the echo time and
increase the bandwidth.

Motion Artifact

Motion artifact due to multiple constantly mov-
ing organs is a major source of image degradation
in whole-body diffusion-weighted imaging. Mo-
tion artifact is more pronounced along the phase-
encoding direction, where it creates “ghost” im-
ages. Therefore, generated signal is not confined

to the original voxel and is spread throughout
the image, creating a potential error in estimated
ADC values. Increasing the speed of image ac-
quisition, which is now possible with single-shot
echoplanar imaging, and using parallel imaging
are possible ways to decrease this artifact.

Effect of Contrast Material

When performing whole-body diffusion-weighted
imaging, one must consider the effect of contrast
material in the quantitative evaluation of diffu-
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Recent Studies of the Application of Diffusion-weighted Imaging and ADC Values in the Evaluation of
Breast Tissue

ADC Value

(X107 mm?/sec) Diagnostic Performance

b Values Benign Malignant Cutoff  Sensitivity Specificity
Study* (sec/mm?) Lesions Lesions Value (%) (%) AUC
Partridge 0, 600 1.71 £ 0.43 DCIS=1.33 % 1.6 96.0 55.0
etal (11)T 0.19, invasive
cancer = 1.3 £
0.27
Pereira 0, 250, 500, 1.45% 0.91% 1.17 94.7 94.7 0.93
et al (12)% 750, 1000
0, 250 1.718 1.19§ 1.47 81.5 87.7 0.89
0,500 1.59§ 1.018 1.34 91.4 91.2 0.93
0, 750 1.518 0.938 1.24 91.4 93.0 0.94
0, 1000 1.388 0.828 1.12 91.0 91.2 0.94
El Khouli 0, 600 1.98 £ 0.7 1.12 £ 0.37 1.6 91.7 72.0
etal (13) Normalized Normalized 0.7 83.3 92.0
ADC = ADC =
1.1 £04 0.55 £0.16

Note.—AUC = area under the receiver operating characteristic curve, DCIS = ductal carcinoma in situ.
*Numbers in parentheses indicate reference numbers.

SMedian value.

TYear of study, 2010; total number of lesions, 118 (91 benign, 27 malignant); 1.5-T imager.
¥Year of study, 2011; total number of lesions, 138 (57 benign, 81 malignant); 1.5-T imager.

Iear of study, 2010; total number of lesions, 101 (33 benign, 68 malignant); 3.0-T imager.

sion parameters—specifically, ADC values. This
effect appears to be most pronounced in the re-
nal parenchyma due to a high concentration of
contrast material and the paramagnetic effects
of contrast material excreted into the collecting
system. In a recent study of 50 patients, Wang

et al (10) demonstrated that the ADC signal of
the renal parenchyma is significantly lower on
postcontrast diffusion-weighted images (obtained
an average of 11 minutes after contrast material
injection) than on precontrast images. There was
no significant decrease in ADC values for the
liver, pancreas, or spleen after injection (10).

Applications of
Diffusion-weighted Imaging

Breast Evaluation

Diffusion-weighted imaging was first introduced
in the field of breast MR imaging more than

2 decades ago, but it was not until 2002 that
Sinha et al (4) demonstrated that the average
ADC value of normal tissue and benign lesions
is higher than that of malignant lesions (Fig 6).

However, the optimum range of b values for the
evaluation of breast malignancies remains a criti-
cal question. Multiple combinations of & values
have been proposed for the accurate differentia-
tion of benign and malignant lesions, yielding
different calculated ADC values and cutoff points
(Table) (11-13).Two studies have compared the
use of multiple combinations of b values. The first
study concluded that there was no significant dif-
ference in the diagnostic utility of ADC values
obtained with different combinations of & values;
however, the study did suggest that ADC values
calculated using b values of 0 and 750 sec/mm?
were slightly more useful than those calculated
using other combinations (14). The other study
suggested that the use of b values of 50 and 850
sec/mm? resulted in the highest accuracy (95%)
(15). A recent study by Pereira et al (12) showed
that the optimum ADC cutoff value for differen-
tiating malignant from benign tissue was different
for different combinations of b values (Table).
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Figure 7. Cholangiocarcinoma in a 29-year-
old man with a history of ulcerative colitis
and sclerosing cholangitis who presented
with abdominal pain and worsening jaundice.
(a) Fat-suppressed fast SE T2-weighted MR
image reveals a heterogeneous, hyperintense
mass (arrowheads) in the right hepatic lobe,
with distal biliary duct dilatation. (b) Axial
diffusion-weighted image (b = 500 sec/mm?)
shows the mass (arrow) with bright signal
intensity against a suppressed background.
(c) ADC map shows the mass with peripheral
restricted diffusion and a central area of necro-
sis (arrow). Biopsy findings were compatible

Teaching
Point

with cholangiocarcinoma.

The mean ADC value of benign lesions is sig-
nificantly higher than that of malignant lesions.
When using optimum cutoff points suggested in
the literature, one must exercise caution regard-
ing the combination of b values used. The role
of ADC value in differentiating benign from
malignant breast lesions is well established. A
recent study has shown that when & values of 0
and 1000 sec/mm? are used, ADC values show
an inverse relationship to tumor grade, with less
aggressive tumors (ie, grade 1 and in situ lesions)
showing an average ADC value of 1.19 x 103
mm?/sec and more aggressive tumors (ie, grade 2
and 3 lesions) showing an average ADC value of
0.96 x 10> mm?/sec (16). Another study showed
that the average ADC value of invasive ductal

carcinoma of the breast correlated significantly
with the expression of estrogen receptors and hu-
man epidermal growth factor receptor 2 (13).
Normalizing the ADC values of breast lesions
to that of the ipsilateral remote glandular tissue
(13) has shown promise in helping to minimize
the effect of (@) variations in ADC value across
the menstrual cycle that were suggested previ-
ously in the literature (17), and (3) variations in
the scanning parameters used. Use of a normal-
ized ADC value has led to significant improve-
ment in the diagnostic performance of diffusion-
weighted imaging in discriminating between
benign and malignant lesions. A normalized ADC
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cutoff point of 0.7 for better tissue characteriza-
tion has been proposed in the literature (18).
Diffusion-weighted imaging of the breast has
shown promise for the evaluation of tumor re-
sponse to neoadjuvant chemotherapy. Various
reports have shown ADC value to be more useful
in assessing tumor response after the first cycle
of neoadjuvant chemotherapy and late tumor
response after the third cycle than morphologic
parameters such as tumor volume and dynamic
contrast-enhanced MR imaging parameters (18).
In a 2009 study of patients with locally advanced
breast cancer, Sharma et al (18) reported a mean
percentage increase in ADC value of 51% * 31.5
in responders, compared with 14.3% % 13.1 in
nonresponders, and they suggested a cutoff value
of 15.7% after the second cycle (sensitivity =
81%, specificity = 88%, area under the receiver
operating characteristic [ROC] curve = 0.93)
and an increased cutoff value of 23.8% after the
third cycle (sensitivity = 79%, specificity = 80%,
area under the ROC curve = 0.87) to differentiate
patients who responded to neoadjuvant chemo-
therapy from those who did not. In their study of
breast cancer patients, Park et al (19) reported
similar values, with a mean percentage increase in
ADC value of 47.9% * 4.8 in responders, com-
pared with 18.1% % 4.5 in nonresponders. Recent
reports have investigated the usefulness of pre-
treatment ADC values in the prediction of tumor
response to neoadjuvant chemotherapy. Park et al
(19) concluded that the pretreatment ADC value
in responders was significantly lower than that in
nonresponders, and they suggested a cutoff value
of 1.17 X 107> mm?/sec (sensitivity = 94%, speci-
ficity = 71%, area under the ROC curve = 0.89).

Hepatic Evaluation

Recent studies have shown diffusion-weighted
imaging to be superior to T2-weighted imaging
in the detection of new liver lesions (20). Low-
b-value images on which the background blood
signal is suppressed are better able to help detect
liver lesions than are images obtained at a b value
of 0 (21), whereas a higher-b-value sequence
yields better characterization of the lesions (Fig
7). In a recent study of 53 patients, Parikh et

al (20) found that the sensitivity of diffusion-
weighted imaging (b = 50 sec/mm?) for the de-
tection of liver lesions was significantly higher

Malayeri et al 1781

than that of standard breath-hold T2-weighted
imaging (87.7% versus 70.1%). The percent-
age of malignant focal liver lesions detected with
diffusion-weighted imaging was higher than that
detected with T2-weighted imaging (86.4% ver-
sus 62.9%) (P < .001) (20).

Another area of interest is the use of diffusion-
weighted imaging as an alternative to gadolinium-
enhanced imaging for the detection of metastatic
or primary malignancies of the liver. In recent
years, liver-specific contrast agents such as super-
paramagnetic iron oxide, which targets the reticu-
loendothelial system and is taken up by Kupffer
cells, have shown increased tumor-to-liver contrast
resulting from signal suppression in normal liver
tissue. A recent study by Nishie et al (22) of 30
patients with 50 hepatocellular carcinoma nod-
ules showed that the use of superparamagnetic
iron oxide—enhanced MR imaging together with
diffusion-weighted imaging yields a larger area
under the ROC curve than does the use of the for-
mer imaging technique alone (0.870 * 0.04 versus
0.820 £ 0.05 [P = .025]). Similarly, a study by
Koh et al (23) of the detection of colorectal metas-
tases to the liver showed that the addition of dif-
fusion-weighted imaging to MR imaging with use
of the liver-specific contrast agent mangafodipir
trisodium yields significantly higher diagnostic ac-
curacy (the area under the ROC curve increased
to 0.96 and 0.94, respectively, for two observers)
than when either technique is used alone.

Another role of diffusion-weighted imaging
is in the characterization of tissue when higher &
values (>500 sec/mm?) and ADC quantifications
are used. After a liver lesion has been detected,
high-b-value diffusion-weighted imaging in com-
bination with contrast-enhanced MR imaging and
ADC mapping can be used to further assess the
lesion morphologically (Fig 8) (6). False-positive
identification of a lesion as a malignancy can occur
with T2 shine-through effect and with highly cel-
lular benign lesions such as adenoma, focal nodu-
lar hyperplasia, or abscess. On the other hand,
false-negative characterization of the tumor can
occur in cases of necrotic or cystic tumors such as
mucinous adenocarcinoma or well-differentiated
hepatocellular adenocarcinoma (2). The applica-
tion of ADC mapping in differentiating benign

Teaching
Point
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Figure 8. Differentiation between malignant and benign hepatic lesions. (a—c) Hemangioma
in a 58-year-old woman. (a) Fat-suppressed fast SE T2-weighted MR image shows a mass in the
left hepatic lobe (arrow) with hyperintense signal. (b) Axial ADC map reconstructed from images
obtained at b values of 0 and 750 sec/mm? shows restricted diffusion due to slow-flowing blood.
(c¢) Gadolinium-enhanced T'1-weighted MR image shows the mass with centripetal enhancement
(arrowheads), a finding that is characteristic of hemangioma. (d—f) Hepatocellular carcinoma in
a 62-year-old woman. (d) Fat-suppressed fast SE T2-weighted MR image shows two large hypoin-
tense masses (arrows) in the left and right hepatic lobes. (¢) ADC map reconstructed from images
obtained at b values of 0 and 750 sec/mm? shows restricted diffusion with low ADC values. (f) Gad-
olinium-enhanced T'1-weighted MR image shows a heterogeneous pattern of contrast enhancement,
a finding that is compatible with hepatocellular carcinoma.
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Figure 9. Response to therapy administered to a 19-year-old man who presented with leio-
myosarcoma of the left hepatic lobe. (a) Diffusion-weighted image (b = 600 sec/mm?) shows a mass
(arrow) with restricted diffusion. (b) On an axial ADC map, the mass demonstrates decreased ADC
values relative to normal liver tissue. (¢) On an axial diffusion-weighted image obtained after trans-
arterial chemoembolization, the mass (arrow) shows a lesser degree of restricted diffusion. (d) ADC
map shows areas of increased signal intensity compatible with less restricted diffusion. Note the
presence of necrosis (arrows) and the interval decrease in the size of the mass after therapy.

from malignant lesions has been the subject of a
growing body of research in recent years. In a re-
cent study of 382 patients by Miller et al (24), the
mean ADC values for benign and malignant liver
lesions were 2.5 X 10> mm?/sec and 1.52 X 107
mm?/sec, respectively. Whereas cysts and hemangi-
omas are easily distinguishable from other lesions,
the ADC values of solid benign and malignant le-
sions overlap. Highly cellular benign lesions such
as focal nodular hyperplasia and adenoma are the
most problematic because they have intermediate
ADC values close to those of malignant lesions, in-
cluding hepatocellular carcinoma. Different stud-
ies have demonstrated variations in ADC cutoff
values for different disease entities owing to sig-
nificant variations in hardware, diffusion-weighted
imaging techniques, and b value. At our institu-
tion, liver ADC maps are reconstructed from im-
ages obtained at b values of 0 and 750 sec/mm?.
Assessing posttreatment tumor response with
imaging biomarkers is essential for evaluating

tumor behavior, planning future therapies, and
assessing tumor relapse. Tumor changes are ana-
lyzed both qualitatively and quantitatively with
diffusion-weighted imaging. Qualitative analysis
is based on visually assessed changes in signal
intensity due to tumor treatment response for
example, an increase in ADC signal in lesions
that have responded to treatment or new areas
of abnormal signal intensity due to disease pro-
gression. Spatial evaluation of tumor treatment
response can be achieved with use of functional
diffusion maps created with registration of pre-
and posttreatment ADC maps, thereby allow-
ing the comparison of changes in ADC values

at the voxel-to-voxel level (25). Response to
therapy often manifests as an increase in ADC
values relative to a low ADC value of the tumor
at baseline (Fig 9). Posttreatment diffusion-
weighted imaging shows different signal intensity
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Figure 10. Alcoholic cirrhosis in a 67-year-
old man. (a) Gadolinium-enhanced T1-
weighted MR image shows a small, nodular
liver. (b) Axial diffusion-weighted image shows
restricted diffusion between bands of fibrosis
(arrowheads). (¢) ADC map shows overall
darkening of the liver parenchyma, a finding
that is compatible with cirrhosis, along with

diffuse fibrosis and scarring.

behaviors depending on the tissue component
and the type of therapy used. After transarterial
chemoembolization (26) or radioembolization
with yttrium-90-labeled microspheres (27), the
ADC values of a hepatocellular carcinoma may
show an early decrease followed by consistent in-
creases, findings that resemble cystic or necrotic
changes. Transient decreases in ADC values have
also been observed after the initiation of therapy
secondary to cellular swelling, decreased blood
flow, or decreased volume of extracellular space.
Along with contrast-enhanced MR imaging,
spectroscopy, and elastography, diffusion-weighted
imaging has shown promise in the evaluation of
diffuse liver disease. Imaging of diffuse liver dis-
ease is based on the collagen-rich fibrotic replace-
ment of normal liver tissue, which restricts the free
diffusion of water molecules, thereby decreasing
the ADC value relative to normal liver tissue (Fig
10). In a recent study of 78 patients with liver cir-
rhosis, Sandrasegaran et al (28) demonstrated that

ADC values are significantly lower in patients with
a higher degree of fibrosis than those in patients
with less or no liver fibrosis. A correlation between
ADC value and degree of fibrosis has been dem-
onstrated in multiple studies. However, determina-
tion of the ADC cutoff value for the diagnosis or
prediction of liver fibrosis and its cause is still a
matter of debate. Recent studies have shown that
normalized ADC values are superior to net ADC
values in the diagnosis of liver fibrosis. Do et al
(29) examined the feasibility of normalizing the
ADC values of the liver to those of the spleen for
the evaluation of liver fibrosis. They concluded that
using a normalized ADC value is a potentially re-
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Figure 11. Renal disease in a 51-year-old
man who presented with an asymptomatic
right renal mass that had been detected at
ultrasonography. (a) Axial contrast-enhanced
T1-weighted MR image shows a heteroge-
neously enhancing mass (arrow) within the
lower pole of the right kidney. (b) Axial diffu-
sion-weighted image (b = 750 sec/mm?) shows
an area of restricted diffusion (arrow) within
the enhancing mass. (¢) Axial ADC map of
the right kidney shows restricted diffusion with
low signal intensity in the lower pole (arrow), a

producible method with a higher diagnostic accu-
racy in the detection of cirrhosis and fibrosis (29).

Renal Evaluation

The accurate characterization of renal masses

is essential to ensure appropriate staging and
prognosis. In addition, different subtypes of renal
cell carcinoma (RCC) respond differently to mo-
lecularly targeted therapies (30). Two-time-point
clinical dynamic contrast-enhanced MR imaging
has shown high sensitivity and specificity in dif-
ferentiating various subtypes of RCC (31). How-
ever, the corroboration of these results with those
obtained with other techniques and in patients

finding that is suggestive of malignancy.

with compromised renal function remains a chal-
lenge. The pattern of increased signal intensity at
diffusion-weighted imaging and decreased ADC
values at ADC mapping in RCC is similar to that
in solid malignant lesions of other organs (Fig
11).Taouli et al (31) found significantly lower
ADGC:s in solid RCCs than in simple or mildly
complex cysts and oncocytomas, and another
study demonstrated higher ADC values in RCC
than in transitional cell carcinoma (2.71 X 1073
mm?/sec versus 1.61 X 102> mm?/sec) (32). A re-
cent study showed sensitive and specific differen-
tiation between clear cell, papillary, and chromo-
phobic RCCs and suggested the use of b values
of 0 and 800 sec/mm? at 3.0 T and a threshold
ADC value of 1.281 x 107> mm?/sec, with clear
cell RCC showing the largest mean ADC (1.698 X
1072 mm?/sec) of the three subtypes (33).
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Figure 12. Prostate cancer in a 58-year-old man who presented for evaluation of a prostate mass.
MR imaging at 3.0 T was performed with an endorectal coil. (a) Axial T2-weighted MR image
shows a dominant hypointense area in the right midperipheral zone (arrow). (b) Axial ADC map
reconstructed from images obtained at & values of 0 and 750 mm?/sec shows a dark area (arrow)
corresponding to the hypointense area seen in a with low ADC values (mean, 0.6 X 10> mm?*sec), a
finding that is suggestive of prostate cancer with a high Gleason score. Histologic analysis of a speci-
men obtained at transrectal ultrasonography—guided biopsy revealed a dominant nodule in the right
posterolateral midperipheral zone with a Gleason score of 9 (4 + 5).

Pelvic Evaluation

Male Pelvis.—The use of diffusion-weighted
imaging for the evaluation of the male pelvis
focuses on the assessment of the prostate gland.
There is increasing evidence that diffusion-
weighted imaging improves sensitivity and speci-
ficity in the detection of prostate cancer. Recent
studies have also shown diffusion-weighted
imaging to have a positive impact on tumor
staging and the assessment of tumor aggressive-
ness and treatment response. The usefulness of
diffusion-weighted imaging as a biomarker for
local recurrence of prostate cancer and in the
evaluation of metastatic disease has also been
demonstrated. Like other cancers, prostate can-
cer tends to have higher cellular density and an
excess of intra- and intercellular membranes
compared with normal glandular tissue (3).
Prostate MR imaging interpretation requires
review of the diffusion-weighted images and
their comparison with the T2-weighted images

and ADC maps. Cancer tissue has higher signal
intensity on high-b-value diffusion-weighted im-
ages than does healthy prostate tissue and will
demonstrate decreased ADC values (Fig 12).
On source diffusion-weighted images, prostate
cancer is usually not appreciable at b values of
less than 500 sec/mm?. For prostate MR imag-
ing, b values of 0 and 800-1500 sec/mm? have
typically been used, depending on scanning
parameters. ADC maps are especially useful
because of the T2 shine-through from the nor-
mal high-signal-intensity peripheral zone seen
on diffusion-weighted images. The lower ADC
values of prostate cancer correlate with higher
cellularity at histologic analysis. Sato et al (34)
compared the ADC values of normal and can-
cerous tissue in both the peripheral and transi-
tion zones at 1.5 T. In both zones, the ADC
values of prostate cancer were significantly lower
than those of benign tissue. Average ADC values
calculated from diffusion-weighted imaging data
acquired with a single-shot echoplanar sequence
at 1.5 T for the normal peripheral zone, central
portion of the prostate gland, and prostate can-
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cer were 1.992 x 107> mm?/sec + 0.208, 1.518
X 107> mm?/sec + 0.126, and 1.214 x 107> mm?/
sec * 0.254, respectively (34).

Kim et al (35) imaged patients at 3.0 T with
a phased-array coil and a single-shot echoplanar
diffusion-weighted sequence at b values of 0 and
1000 sec/mm?. They found that the ADC values
of malignant tissues were significantly lower than
those of benign tissues in both the peripheral
zone (1.32 X 102> mm?/sec * 0.24 versus 1.97
x 107> mm?/sec £ 0.25) and the transition zone
(1.37 x 102> mm?/sec £ 0.29 versus 1.79 x 103
mm?sec £ 0.19). For tumor diagnosis, the use
of cutoff values of 1.67 X 10~ mm?/sec for the
peripheral zone and 1.61 X 10 mm?/sec for the
transition zone resulted in sensitivities of 94%
and 91%, respectively, and specificities of 90%
and 84%, respectively (35).

Although studies have shown improved sen-
sitivity and specificity for diffusion-weighted
imaging in the diagnosis of prostate cancer, tu-
mors smaller than 5 mm are difficult to detect.
In addition, inflammation may cause lower ADC
values. In the transition zone, an additional chal-
lenge is posed by benign hyperplastic nodules,
which can have low ADC values and thereby
mimic tumor. However, when T2-weighted im-
age interpretation is used in conjunction with
ADC maps, the detection of tumor foci in the
transition zone is improved (36). Postbiopsy
hemorrhage in the prostate gland may result in
low-signal-intensity foci on T2-weighted images
and can mimic tumor on diffusion-weighted
images, leading to a false-positive interpreta-
tion. However, the inclusion of T'1-weighted
sequences in the routine prostate MR imaging
protocol allows detection of hemorrhage and di-
rect correlation with T2- and diffusion-weighted
imaging findings. Hemorrhage may decrease
ADC values in benign tissues and reduce the
contrast between benign and malignant tissues.
In addition, hemorrhage may induce susceptibil-
ity artifacts (37).

Tumor ADC values may help identify those
patients with low-risk, localized prostate cancer
who may benefit from radical treatment. van As
et al (38) evaluated the use of diffusion-weighted
imaging-ADC mapping as a prognostic bio-
marker in a cohort of patients who had been
(a) diagnosed with prostate cancer and (b) en-
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rolled in an active surveillance program. The
baseline ADC of cancer was shown to be an inde-
pendent predictor of (@) adverse results at repeat
prostate biopsy and (b) time to radical treatment
(38). In a retrospective study by Park et al (39)
of men who had undergone prostatectomy, the
ADC was also shown to be a potential prognostic
marker when multivariate analysis helped identify
tumor ADC value as the only independent pre-
dictor of biochemical relapse.

For prostate cancer staging, diffusion-
weighted imaging may be helpful in the assess-
ment of seminal vesicle involvement by demon-
strating low ADC values in that region (provided
no hemorrhage is present on T'1-weighted im-
ages), as well as in the staging of lymph nodes,
since malignant nodes tend to have lower ADC
values (40). Improved detection of metastatic
nodes with diffusion-weighted imaging may aid
in treatment planning.

ADC values have been shown to be a promis-
ing imaging biomarker for monitoring patients
treated with radiation therapy. In a study by Song
et al (41), the mean ADC value of tumor was
shown to increase after radiation therapy, whereas
the mean posttherapy ADC values of benign
peripheral and transition zones were lower than
their pretherapy values. In patients with biochem-
ical relapse after undergoing radiation therapy,
the use of diffusion-weighted imaging together
with T2-weighted imaging showed greater sen-
sitivity for the detection of recurrence than did
T2-weighted imaging alone (42). In patients with
metastatic bone disease, an increase in tumor
ADC value correlated with decreasing prostate-
specific antigen levels in those who were treated
with androgen deprivation therapy (43).

Female Pelvis.—The addition of diffusion-
weighted imaging to the conventional MR imag-
ing protocol allows the assessment of oncologic
entities in the female pelvis, from lesion detec-
tion and characterization to staging of malignan-
cies. MR imaging has been shown to be superior
to conventional imaging methods and clinical
examination for the staging of cervical cancer
(44). Cervical cancer demonstrates lower ADC
values (ie, more restricted diffusion) than does
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Figure 13. FIGO (International Federation of Gynecology and Obstetrics) IIB-stage 3A cervical
carcinoma (stage determined on the basis of the presence of right hydronephrosis) in a 30-year-old
woman. At clinical examination, a mass involving the upper half of the vagina was noted, with
the cervix pulled to the right. Metastatic adenopathy was detected at 1.5-T MR imaging performed
with a body matrix coil. (a) Axial T2-weighted MR image (repetition time msec/echo time msec =
5790/84) shows a hyperintense tumor (arrow) involving the cervix and extending to the right up-
per vagina. (b) Axial diffusion-weighted image (b = 50, 400, and 800 sec/mm?)-ADC map shows
restricted diffusion in the region of the cancer with an ADC value of 0.7 X 10> mm?/sec (circled
area). (c) Axial diffusion-weighted image—ADC map shows a focus of restricted diffusion within an
enlarged left common iliac node (arrow) with an ADC value of 0.6 X 10> mm?/sec.

normal cervical tissue, thereby increasing the
detection power of diffusion-weighted imaging
(Fig 13). Naganawa et al (45) studied 12 pa-
tients with cervical cancer and found the ADC
value of cancerous tissue to be significantly
lower than that of normal cervical tissue (1.09

x 107 mm?/sec * 0.20 versus 1.79 x 10~ mm?/
sec £ 0.24) (P <.0001). However, the ADC
cutoff value for differentiation between cancer
and normal cervical tissue and between different
types of cancer has varied widely among institu-
tions, a fact that can be attributed to variability
in the hardware and image analysis techniques
used. Diffusion-weighted imaging has shown
promise for the staging of cervical cancer by al-
lowing more accurate determination of depth
of invasion and status of nodal involvement
(Fig 13) (46).In a 3.0-T MR imaging study of
50 patients, Lin et al (46) demonstrated that
metastatic lymph nodes had significantly lower
ADC values than did intact lymph nodes (0.06
x 1072 mm?/sec versus 0.21 X 107> mm?/sec) (P
< .001).The authors also found that the sen-
sitivity of combined node size and ADC value
was higher than that of conventional MR imag-
ing (83% versus 25%), with equal specificity
(98% and 99%, respectively) (46). The role of
diffusion-weighted imaging is more controver-
sial in distinguishing ovarian cancer from benign

ovarian lesions. There is additional benefit when
diffusion-weighted imaging is combined with
conventional MR imaging for the staging of
ovarian cancer and peritoneal metastases. In a
study of 34 patients with ovarian cancer by Low
et al (47), a combination of diffusion-weighted
imaging and conventional contrast-enhanced
MR imaging had a higher sensitivity and accu-
racy for the detection of metastatic peritoneal
implants than did either method alone. Perito-
neal implants demonstrate restricted diffusion
on diffusion-weighted images and, consequently,
low ADC values. The presence of ascites can
help improve the delineation and conspicuity

Teaching
Point




RadioGraphics

RG ¢ Volume 31 Number 6

Malayeri et al 1789

Figure 14. Metastatic adenopathy in a 71-year-old man with a history of prostate cancer who presented with a ris-
ing prostate-specific antigen level. (a) Whole-body T2-weighted MR image shows an area of slightly increased signal
intensity (arrowhead) in the left side of the pelvis. (b) Whole-body ADC map shows restricted diffusion within the
lesion (arrowhead), a finding that is compatible with metastatic left iliac adenopathy. The lesion has an ADC value
0of 0.83 X 10 mm?sec £ 0.08. (c) Carbon-11 positron emission tomographic image shows the lesion (arrowhead)
with increased radiotracer activity and an increased standardized uptake value of 5.6.

of implant lesions (47). Moreover, the addition
of diffusion-weighted imaging to conventional
MR imaging methods has proved beneficial for
the detection and staging of endometrial cancer,
including assessment of the depth of invasion

as an indicator of potential metastatic spread of
malignancy. In a study of 48 patients with en-
dometrial cancer, Lin et al (48) showed that the
addition of diffusion-weighted imaging to T2-
weighted and dynamic contrast-enhanced MR
imaging increased accuracy in the detection of
myometrial involvement compared with any of
these methods alone.

Whole-Body

Diffusion-weighted Imaging

There are a few reports in the literature about
the feasibility of whole-body diffusion-weighted
imaging in the assessment of cancer patients
(49). It is clear that by combining anatomic im-
aging (eg, T'l- and T2-weighted imaging) with
whole-body diffusion-weighted imaging, early
changes within the primary tumor and meta-
static sites can be visualized, which can provide
important information about treatment response
and permit the development of individualized

treatment regimens. Therefore, use of these
whole-body diffusion-weighted imaging meth-
ods for the detection and classification of cancer
and the monitoring of treatment are goals that
are clearly attainable in the near future (Fig 14).
A whole-body diffusion-weighted imaging tech-
nique known as “diffusion-weighted whole-body
imaging with background body signal suppres-
sion” was first described by Takahara et al (49)
in a study performed at 1.5 T. This technique
makes use of a free breathing approach during
imaging, multiple thin axial sections, and a large
number of signals acquired. In addition, fat sup-
pression is applied with either short inversion
time inversion-recovery or some other robust
method. In essence, diffusion-weighted imag-
ing with background body signal suppression
exploits both coherent and incoherent intravoxel
motion, making use of free breathing during im-
aging to help visualize the organ of interest (50).
It should be noted that for accurate background
suppression, both large b values (>500 sec/mm?)
and a large number of signals acquired are nec-
essary, thereby increasing acquisition times.
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Conclusions
Diffusion-weighted imaging—-ADC mapping
provides information about the functional envi-
ronment of water in tissues, thereby augmenting
the morphologic information provided by con-
ventional MR imaging. Detected changes include
shifts of water from extracellular to intracellular
spaces, restriction of cellular membrane perme-
ability, increased cellular density, and disruption
of cellular membrane depolarization. These find-
ings are commonly associated with malignancies;
therefore, diffusion-weighted imaging has many
applications in oncologic imaging, providing
functional information to complement the excel-
lent anatomic detail provided by MR imaging,
and thereby aiding in tumor detection and char-
acterization and in the prediction and assessment
of response to therapy.
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Page 1774 (Figure on page 1775)

The sensitivity of diffusion-weighted imaging to diffusion can be incrementally increased by increas-
ing the amplitude, duration, and temporal spacing of the two motion-probing gradients. These gradient
properties determine the b value (expressed in seconds per square millimeter), an index of the degree of
diffusion weighting (Fig 2).

Page 1780

The mean ADC value of benign lesions is significantly higher than that of malignant lesions. When using
optimum cutoff points suggested in the literature, one must exercise caution regarding the combination
of b values used.
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False-positive identification of a lesion as a malignancy can occur with T2 shine-through effect and with
highly cellular benign lesions such as adenoma, focal nodular hyperplasia, or abscess. On the other hand,
false-negative characterization of the tumor can occur in cases of necrotic or cystic tumors such as muci-
nous adenocarcinoma or well-differentiated hepatocellular adenocarcinoma (2).

Page 1786 (Figure on page 1786)
Cancer tissue has higher signal intensity on high-b-value diffusion-weighted images than does healthy
prostate tissue and will demonstrate decreased ADC values (Fig 12).

Page 1788
Peritoneal implants demonstrate restricted diffusion on diffusion-weighted images and, consequently,
low ADC values.



