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Rationale and Objectives. We sought to investigate the value of diffusion-weighted MR imaging in evaluating focal he-
patic nodules in an experimental hepatocellular carcinoma (HCC) rat model.

Materials and Methods. Forty rats with chemically induced primary hepatic nodules ranging pathologically from regener-
ative nodules (RNs) to dysplastic nodules (DNs) to HCC were examined with diffusion-weighted imaging. The apparent
diffusion coefficient (ADC) values of hepatic nodular lesions were calculated. Tukey’s HSD post hoc test was used to
compare the difference in ADC values between different hepatic nodular lesions.

Results. Eight RNs, 16 DNs, 7 well-differentiated HCCs (HCCwell), 11 moderately differentiated HCCs (HCCmod), and 14
poorly differentiated HCCs (HCCpoor) were evaluated. There was no significant difference between RNs and DNs (P �
0.05). Although the ADC values of HCCwell were slightly lower than those of DNs, there was no significant difference
between them (P � 0.05). The ADC values of HCCmod and HCCpoor were significantly higher (P � 0.05) than those of
other nodules, and no significant difference was seen between HCCmod and HCCpoor (P � 0.05).

Conclusion. Diffusion-weighted magnetic resonance imaging can be useful in characterizing focal hepatic nodular lesions,
but ADC values cannot be used efficiently to distinguish HCCwell from DNs.
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Hepatocellular carcinoma (HCC) is the most common
primary malignant tumor of the liver, with highest inci-
dences occurring in Africa, Southeast Asia, and China
(1–3). A cirrhotic liver is often the background from
which HCC arises. One pathway to the development of
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HCC in patients with cirrhosis is a multistep carcinogene-
sis process from benign regenerative nodule (RN) to dys-
plastic nodule (DN) to a dysplastic nodule with micro-
scopic foci of HCC, which may enlarge and replace the
nodule giving rise to a small HCC, and finally to the
overt HCC (4–7). DNs are considered precancerous le-
sions of HCC (8, 9). Therefore, it is clinically important
to detect DNs and HCC at an early stage for prompt sur-
gical resection, transplantation, or local ablation therapy
to ensure a better chance of survival.

Diffusion-weighted (DW) MRI is an imaging tech-
nique used to show microscopic motion in biologic tis-
sues (10, 11). The apparent diffusion coefficient (ADC), a
quantity calculated from the DW MR images, combines
the effects of capillary perfusion and water diffusion in
the extracellular extravascular space (10, 11). Thus, DW

MRI is currently the only imaging method for assessing
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in vivo perfusion and diffusion simultaneously within the
same organ (10–12).

DW MRI has recently been used to characterize ab-
dominal organs and hepatic lesions (13–16). Results of
these studies showed principally that DW MRI, by means
of ADC measurement, can be used to characterize focal
hepatic lesions (13–16). Benign lesions, such as hepatic
cysts and hemangiomas, showed higher ADCs than those
of malignant lesions (HCC and metastases). To our
knowledge, very few studies have reported the ADCs of
RNs and DNs in cirrhotic liver.

The purpose of this study was to investigate the value
of DW MRI in the evaluation of RNs, DNs, and HCC in
an experimental rat model. This model was induced by
diethylnitrosamine (DEN), which results in hepatic nod-
ules with histological features similar to the type of le-
sions observed in human cirrhotic liver carcinogenesis
(17–19).

MATERIALS AND METHODS

Animal Model
The experiment was performed in accordance with the

Guide for the Care and Use of Laboratory Animals (Na-
tional Institutes of Health publication No. 85-23, revised
1996), with the approval of the local ethical committee
for animal care and use. Six-week-old male rats (n � 40)
of the Sprague-Dawley strain, weighing 120�150 g, were
supplied by the Department of Laboratory Animal Sci-
ence, Peking University, Beijing, China. The animals
were acclimated for 1 week and maintained under specific
pathogen-free environmental conditions with lighting from
9:00 [scap]am[r] to 9:00 [scap]pm[r], temperature of 22
� 2°C, and relative humidity of 45�60% and were fed
chow pellets and solution ad libitum during the entire
study period. HCC was induced with 70 mg/kg DEN
(0.95 g/ml; Sigma Chemical Co., St. Louis, MO) intragas-
trically once a week for 10 weeks.

MR Imaging
From week 10 to week 20 after induction of HCC by

DEN, three or four treated animals were randomly
scanned every week. After fasting for 12 hours, each rat
was anaesthetized with 40 mg/kg pentobarbital sodium
(Nembutal; Beijing Chemical Co., Beijing, China) intra-
peritoneally before imaging.

The rats were examined with a 1.5-T whole-body MR

system (Sonata; Siemens, Erlangen, Germany) with a
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maximum gradient capability of 40 mT/m. A two-channel
phased-array coil (50 mm in diameter; Chen Guang Medi-
cal Science Co., Shanghai, China) specially designed for
rats was used to obtain all MR images. The rats were
placed in a supine position inside the coil with the liver
region located in the center of the coil and the abdomen
fixed with adhesive tape to reduce respiratory movement.

To detect the hepatic nodules, a conventional liver
MRI protocol was used as follows: T2-weighted turbo
spin-echo (TSE) transverse, sagittal, and coronal orienta-
tion sequences with fat saturation (TR � 3,000 ms, TE �
79 ms, a flip angle of 150°, echo train length of 7, field
of view 90 mm � 65 mm, matrix 192 � 135, slice thick-
ness 3 mm), transverse two-dimensional T1-weighted fast
low-angle shot (FLASH) sequence with fat saturation (TR
� 250 ms, TE � 3.53 ms, a flip angle of 70°, field of
view 90 mm � 55 mm, matrix 192 � 135, slice thick-
ness 3 mm).

Transverse diffusion-weighted multisection echo-planar
MRI was performed with two groups of diffusion gradient
b values: b � 0, 600 sec/mm2 and b � 0, 1,000 sec/mm2.
In the sequence, a unidirectional diffusion gradient was
applied along the section-select direction (z axis). The
following parameters were used for this sequence: TR �
3,000 ms; TE � 79 ms (b � 0, 600 sec/mm2) or TE �
88 ms (b � 0, 1,000 sec/mm2); field of view 90 � 68
mm; matrix 64 � 64; section thickness 3 mm. Fat satura-
tion was used to avoid chemical shift artifacts.

Histology
The animal was killed after completion of MRI. The

liver was removed and cut sequentially into 3-mm sec-
tions in the transverse plane that corresponded as closely
as possible to the MRI plane. We identified the nodule
that corresponded to DW MRI; then the tissue was fixed
in 4% buffered formalin and embedded in paraffin, and
thinner sections of 5 �m were cut and stained with hema-
toxylin-eosin for histological examination. Histological
examination was conducted by two experienced hepato-
pathologists. By using the diagnostic criteria from the
International Working Party’s Terminology of Nodular
Hepatocellular Lesions (4), nodules were classified as
RN, DN, well-differentiated HCC (HCCwell), moderately
differentiated HCC (HCCmod), and poorly differentiated
HCC (HCCpoor).

Image Analysis
Quantitative ADC maps were calculated automatically
on a voxel-by-voxel basis with the MR system. The ADC
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was calculated with a linear regression analysis of the
function S � S0 · exp(�b � ADC), where b is the diffu-
sion factor (600 sec/mm2 or 1,000 sec/mm2), S is the sig-
nal intensity after application of the diffusion gradient,
and S0 is the signal intensity at b � 0 sec/mm2. ADC of
the liver lesions calculated with two sets of b values, one
set was 0 and 600 sec/mm2 (the low one), another set was
0 and 1000 sec/mm2 (the high one).

The conventional MRI protocol could distinguish the he-
patic nodular lesions clearly. A circular region of interest
(ROI) was drawn to encompass as much of the nodular le-
sion as possible in the transverse ADC maps. To ensure that
the same areas were measured, the ROIs were copied and
pasted onto the T1, T2, and DW MR images and ADC
maps. For cirrhotic liver, ROIs were always placed in the
posterior segment of the right hepatic lobe to avoid artifacts
from large vessels, ADC values of cirrhotic liver were mea-
sured in two consecutive planes of ADC maps separately,
and the measurements were averaged.

Statistical Analysis
Data were first evaluated using one-way analysis of

variance (ANOVA), and then Tukey’s HSD post hoc test
was used to compare the difference in ADC values be-
tween cirrhotic liver, RN, DN, HCCwell, HCCmod, and HC-
Cpoor using statistical software (SPSS for Windows, Bei-
jing, ersion 12; SPSS Inc, Chicago, IL). A two-tailed P-
value of less than .05 was required for statistical
significance.

RESULTS

Among 56 nodules (with diameters between 3 mm and
17 mm) revealed by MRI and precisely corresponding
with the pathology, we identified 8 cases of RN, 16 of
DN, 7 of HCCwell, 11 of HCCmod, and 14 of HCCpoor. The
ADC values of cirrhotic liver, RN, DN, HCCwell, HCCmod,
and HCCpoor calculated with various sets of b values are
shown in Table 1. The mean ADC values for the cirrhotic
liver and nodular lesions tended to be smaller when the
maximum b value used was greater (Fig. 1).

There was no significant difference among the cirrhotic
liver, RN, and DN. Although the ADC value of HCCwell

(Fig. 2) was slightly lower than that of DN (Fig. 4), there
was no significant difference between them. The ADC
values of HCCmod (Fig. 3) and HCCpoor (Fig. 4) were sig-
nificantly higher than for other hepatic nodules, and no
significant difference was seen between the ADC values

of HCCmod and HCCpoor.
DISCUSSION

In our study, we explored the ADC values of benign
HCC nodules, including cases of RNs and DNs. The
ADC values of benign HCC nodules were slightly smaller
than those of adjacent cirrhotic liver parenchyma, and
some overlaps occurred of the ADC values. Histologi-
cally, RNs develop as a part of the repair process follow-
ing hepatocyte injury; they comprise a local proliferation
of hepatocytes surrounded by fibrous septa, and the hepa-
tocytes inside the nodules are similar to those of neigh-
boring cirrhotic liver (4, 8, 20). As for DNs, they are re-
generative nodules that contain atypical cells without defi-
nite histological features of malignancy, and they have
slightly higher cellular density than that of cirrhotic liver
(4, 8, 20). Therefore, it is not surprising that we did not
obtain a significant difference in ADC values between the
benign hepatic cirrhotic nodules and cirrhotic liver.

Along the pathway from DN to HCCwell, the tumor cell
density and the nucleocytoplasmic ratio increase to some
degree (4). In our study, although the ADC values of
some HCCwell were lower than for DNs, there was no
statistically significant difference between them. Consider-
ing that there was an overlap in the distribution of ADC
values between HCCwell and DNs and it is still difficult to
distinguish them histologically (20), this finding was rea-
sonable. Another explanation is that the speed of hepato-
carcinogenesis was very fast in this model and produced a

Table 1
ADC values of liver lesions calculated with various
sets of b values

Liver lesions No.

ADC (�10�3 mm2/sec) of liver
lesions calculated with various

sets of b values

Low b values
(b � 0, 600
sec/mm2)

High b values
(b � 0, 1,000

sec/mm2)

Cirrhotic liver 32 1.08 � 0.09 0.94 � 0.09
RNs 8 1.01 � 0.13 0.90 � 0.10
DNs 16 1.02 � 0.11 0.91 � 0.11
HCCwell 7 0.98 � 0.17 0.84 � 0.12
HCCmod 11 1.21 � 0.17 1.08 � 0.14
HCCpoor 14 1.24 � 0.21 1.11 � 0.18

Data are expressed as mean � SD. RN, regenerative nodule;
DN, dysplastic nodule; HCCwell, well-differentiated HCC; HCCmod,
moderately differentiated HCC; HCCpoor, poorly differentiated
HCC.
continuous spectrum of abnormality, resulting in overlap-
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Figure 1. The ADC values of liver lesions calculated with b � 0, 600 sec/mm2 (A) and b � 0, 1,000 sec/mm2(B).
There was no significant difference among the cirrhotic liver, RNs, and DNs. Although the ADC value of HCCwell

was slightly lower than that of DNs, there was no significant difference between them. The ADC values of HCCmod

and HCCpoor were significantly higher than other hepatic nodules and no significant difference was seen between
them. *P � .05. RN, regenerative nodules; DN, dysplastic nodules; HCC , well-differentiated HCC; HCC ,
well mod

moderately differentiated HCC; HCCpoor, poorly differentiated HCC.
Figure 2. Well-differentiated HCC. (A) Transverse, coronal, and sagittal turbo spin-echo fat-saturated T2-weighted MR image shows a
hyperintense tumor (white arrow). The tumor is hyperintense on DW MR images (b � 600 sec/mm2, b � 1,000 sec/mm2) (B) and hypoin-
tense on ADC map (calculated with b � 0, 1,000 sec/mm2) (C). (D) Resected specimen of the tumor (white arrow). (E) Histologic exami-

nation results revealed a well-differentiated HCC. (Hematoxylin-eosin stain; original magnification, �400.)
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ping histological characteristics in these two kinds of nod-
ules and preventing a statistically significant difference
between them. In addition, another reason for this finding
may be the relatively small sample of HCCwell and DNs
in our study. Therefore, based on our data, ADC values
cannot be used efficiently to distinguish HCCwell from
DNs. Accompanying the malignant evolution from DNs
to HCC, there is a gradual change in blood supply from
portal to arterial (9, 21). These changes in intranodular
blood could be potentially measured with perfusion-
weighted MRI (22). Therefore, if ADC values could not
characterize liver lesions, perfusion-weighted MRI would
provide complementary data to DW MRI differentiation
of lesion type.

In our study, HCC nodules occurred 15 weeks after
induction by DEN and seemed to be markedly developed
after 16 weeks. Both necrosis and hemorrhage were com-

Figure 3. Moderately differentiated HCC. (A) Transverse, coronal,
shows a hyperintense nodule (white arrow) prominent in the liver. (
mm2, b � 1,000 sec/mm2). (C) On the ADC map (calculated with b
Corresponding transverse sections from the liver depict the nodule
ately differentiated HCC. (Hematoxylin-eosin stain; original magnific
mon in HCCmod and HCCpoor (Fig. 4). Most HCCmod and
HCCpoor had higher ADC values than DNs. This may be
because we measured ADC values by placing a region of
interest over the entire area of the HCC nodules, and we
could not precisely distinguish the areas of necrosis and
hemorrhage from viable tissue in HCC; a contamination
error therefore could not be avoided. Furthermore, based
on our data, the increase of ADC values appears to have
a trend based on the severity of the lesion. An explana-
tion for this is that as the lesion progresses, extracellular
water tends to be greater, intratumoral hemorrhage and
accompanying tumor necrosis are more likely to take
place, and the ADC values of the lesion increase. This
could be used as an adjuvant parameter in diagnosis, and
additional studies are necessary in the future.

When tumor cells are alive, their membranes are intact
and can restrict the movement or diffusion of water mole-
cules (23). Conversely, when the cells are dead, their

sagittal turbo spin-echo fat-saturated T2-weighted MR image
e nodular lesion is hyperintense on DW MR images (b � 600 sec/
1,000 sec/mm2), the nodular lesion is slightly hypointense. (D)

te arrow). (E) The nodule was histologically proved to be moder-
, �400.)
and
B) Th
� 0,
(whi
membranes are broken down and can no longer restrict
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diffusion of water molecules. Many researchers have re-
ported that necrotic tissue of tumors shows high ADC
values (23–27). This higher diffusion rate can be ex-
plained by the presence of greater amounts of extracellu-
lar water within the necrotic region caused by the loss of
cell membranes that can no longer compartmentalize wa-
ter molecules (26, 28), which allows free diffusion to take
place. It could also be attributed to shrinkage of apoptotic
cells, which would result in an increase in the extracellu-

Figure 4. Poorly differentiated HCC and dysplastic nodule. (A) Tr
the poorly differentiated HCC (white arrow) appears as a heterogen
liver, and the DN (white arrowhead) appears as a hypointensity nod
sec/mm2), a rim of high signal intensity representing viable tumor c
membranes and restriction of water molecules. The area of necros
ing increased diffusion of water molecules caused by breakdown o
sec/mm2), the area of tumor necrosis is a bright zone and a rim of
DN (white arrowhead) appears isointense to the adjacent liver pare
reveals a nodular lesion (white arrow) about 5 mm in diameter cont
(not shown), the whole lesion was verified to be poorly differentiate
transverse sections from the liver depict the nodule (white arrowhe
stain; original magnification, �200.)
lar water fraction (29). Of course, high ADC values pro-
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vide information on the microenvironment of the entire
tumor and indicate the biological characteristics of HCC
that easy to necrosis and hemorrhage. According to these
characteristics, we can distinguish the HCCmod and HC-
Cpoor from benign hepatic cirrhotic nodules.

ADC values calculated on the basis of higher b values
reduce the influence of perfusion and approximate true
diffusion. But with the increase of b values, the quality of
a DW image is greatly diminished and the signal-to-noise

rse turbo spin-echo fat-saturated T2-weighted MR image shows
rounded area of hyperintensity located in the right lobe of the

n the left. (B) On DW MR images (b � 600 sec/mm2, b � 1,000
s clearly seen in the tumor (white arrow), reflecting intact cell
the central core of the tumor is identified as a black zone, reflect-
l membranes. (C) On an ADC map (calculated with b � 0, 1,000
ignal intensity representing the viable tumor is clearly seen. The

ma on DW MR images and the ADC map. (D) Resected specimen
g darker areas (black arrowhead). At microscopic examination
C, while the darker area in it was necrotic. (E) Corresponding

F) Histologic examination revealed the DN. (Hematoxylin-eosin
ansve
eous
ule i
ells i
is at
f cel
low s
nchy
ainin
d HC
ad). (
ratio tends to decline because the T2 relaxation time of
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liver tissue is short. Therefore, finding an appropriate b
value for liver tissue is very important. In this study, high
b values (b � 600 sec/mm2, b � 1,000 sec/mm2) were
used and the image quality at b � 600 sec/mm2 was bet-
ter than at b � 1,000 sec/mm2. Therefore, we consider
that b values smaller than 1,000 sec/mm2 would be appro-
priate for liver in a 1.5-T MR scanner.

In this study, because lack of high-field MR scanner,
we used a customized rat coil to acquire MR images from
the rats and we obtained satisfactory results. Therefore,
for those institutions that do not have a dedicated high-field
small animal MR scanner, this could be a useful approach. It
could be translated from animals to human patients.

A potential shortcoming of this study is that there was
an anatomic distortion present in the DW MRI and ADC
maps when b � 1,000 sec/mm2 was used. New imaging
sequences and high-field-strength 3.0-T imagers would
improve image quality and may be useful in future inves-
tigations. Second, the sample of HCCwell nodules was rel-
atively small; further studies with a larger number of nod-
ules are needed in the future. Third, the animal model
used is a short-term model induced by DEN, and it can-
not absolutely recapitulate the progression of carcinogene-
sis in humans. Although there are significant differences
between HCC and benign tumors in the study, the results
cannot be extrapolated to human use immediately. For
DW MRI to be clinically feasible and reliable in the fu-
ture, further efforts to screen hepatic nodules in HCC
high-risk populations are still essential. Finally, motion
artifacts due to cardiac and respiratory motions would
affect the DW MRI. Both ECG-gated techniques and res-
piration-gated methods would be useful to reduce motion
artifacts. In this study, none of the two gating methods
were used. For the ECG gating, because the heart rate of
the rat was so fast (about 400 counts per minute), we
could not perform ECG gating. To reduce the impact of
respiratory movement, we apply two methods. First, we
use pentobarbital sodium (Nembutal) to induce anesthesia,
which can inhibit the respiration of rats in some degree,
and we use an appropriately deep anesthesia to control
the respiration movements of rats. Second, the rat is
placed supine inside the coil with the liver region located
in the center of the coil and the abdomen of the rat fixed
with adhesive tape to control respirations. With use of the
two methods, the respiration movements of rats were con-
trolled effectively. In addition, the customized rat coil we
used could significantly improve the image quality, so we
obtained satisfactory results without the ECG-gating and

respiration-gating methods used during the DW MR im-
age acquisitions. Of course, for clinical use of DW MRI
in patients, ECG-gating or respiration-gating methods
should be necessary.

In conclusion, DW MRI can provide additional infor-
mation for the characterization of hepatic lesions and is
potentially useful for differentiating between benign and
malignant hepatic nodules. However, we currently cannot
distinguish HCCwell from DNs by depending only on
ADC values.
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