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Abstract

AIM: To explore the diffusion gradient b-factor
that optimizes both apparent diffusion coefficient
(ADC) measurement and contrast-to-noise (CNR)
for assessing tumor response to transarterial
chemoembolization (TACE) in a rabbit model.
METHODS: Twelve New Zealand white rabbits
bearing VX2 tumors in the liver were treated with
TACE. Diffusion-weighted imaging (DWI) with various
b values was performed using the same protocol
before and 3 d after treatment with TACE. ADC values
and CNR of each tumor pre- and post-treatment with
different b factors were analyzed. Correlation between
ADC values and extent of necrosis in histological
specimens was analyzed by a Pearson’s correlation
test.

RESULTS: The quality of diffusion-weighted images
diminished as the b value increased. A substantial
decrease in the mean lesion-to-liver CNR was observed
on both pre- and post-treatment DW images, the
largest difference in CNR pre- and post-treatment was
manifested at a b value of 1000 s/mm* (P = 0.036 ).
The effect of therapy on diffusion early after treatment
was shown by a significant increase in ADCs (P =
0.007), especially with large b factors (= 600 s/mm?).
The mean percentage of necrotic cells present within
the tumor was 76.3%-97.5%. A significant positive
correlation was found between ADC values and the
extent of necrosis with all b values except for b200,
a higher relative coefficient between ADC values and
percentage of necrosis was found on DWI with b1000
and b2000 (P = 0.002 and 0.006, respectively).
CONCLUSION: An increasing b value of up to
600 s/mm* would increase ADC contrast pre- and
post-treatment, but decrease image quality. Taking
into account both CNR and ADC measurement,
diffusion-weighted imaging obtained with a b value of
1000 s/mm? is recommended for monitoring early
hepatic tumor response to TACE.

© 2008 The WIG Press. All rights reserved.
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INTRODUCTION

Transcatheter hepatic arterial chemoembolization
(TACE) remains the initial treatment for unresectable
hepatocellular carcinoma (HCC)'", Evaluating the
therapeutic response of HCC to TACE is critical

www.wjgnet.com



5894 ISSN 1007-9327 CN 14-1219/R

World J Gastroenterol

October 14, 2008 Volume 14 Number 38

in assessing the success of treatment and deciding
therapeutic plan. Diffusion-weighted imaging (DWI)
enables noninvasive characterization of biologic
tissues based on their water diffusion properties. It is
theoretically possible to quantify the combined effects
of capillary perfusion and water diffusion 7z vive by an
apparent diffusion coefficient (ADC)", and its value is
equal to the true diffusion coefficient D when diffusion
is the only type of motion. Diffusion-weighted images
are obtained by acquiring T2-weighted images with
the addition of diffusion weighting gradient known as
the “b value”. Generally, the larger the b values used,
the lower the ADC values owing to the contribution
of perfusion. Large b factors should be chosen for
more precise evaluation of ADC values of the tumor.
However, image quality will be greatly diminished if
large b factors are used. Thus, it is very important to
select a suitable b value to evaluate the tumor response
accurately. Diffusion-weighted imaging has recently been
used to monitor tumor response after therapy. However,
there are considerable discrepancies in the selection of b
values in previous reports” . In our study, we compared
different b-value DWI in evaluation of hepatic tumor
necrosis after TACE in rabbits to explore the optimal b
value.

MATERIALS AND METHODS

Animal model and study design
Fifteen male adult New Zealand white rabbits
including three carrier rabbits (Animal Laboratory,
Fudan University) with an average weight of 2.5 kg,
were used in this experiment. The Animal Care and
Use Subcommittee at Fudan University approved this
experimental procedure. VX2 carcinoma strain was
maintained by successive transplantation into the hind
limb of a carrier rabbit. Tumor cell suspension was
implanted with one subcutaneous injection into the
hind leg of each carrier rabbit and grown for 2 wk. All
animals were intramuscularly anesthetized with a mixture
of ketamine hydrochloride (0.1 g/kg) and diazepam
(5 mg/kg). The tumor was surgically excised from the
carrier rabbit and placed in normal saline. Tumor tissue
was dissociated into approximately 1-2 mm’ fragments
and suspended in 5 mL normal saline, then aspirated into
a 1 mL injector. A midline laparotomy was performed
to expose the liver of the recipient rabbit, and tumor
suspension (0.1-0.2 mL) was implanted in the left lobe of
liver via an 18-gauge needle. The abdomen was closed in
two layers. The tumors were allowed to grow to 1-2 cm in
diameter, which typically required 2 wk.

Conventional and diffusion-weighted imaging was
performed before and 3 d after therapy using the same
protocol.

TACE

TACE was performed under the guide of digital
subtraction angiography (Infinix Vc-i, Toshiba, Japan).
Animals were intramuscularly anesthetized with a mixture

of ketamine hydrochloride (0.1 g/kg) and diazepam (5
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mg/kg). Vascular access was achieved in the femoral
artery through surgical cut down. Celiac angiography
was performed to identify the hepatic arterial anatomy
and the feeder artery of the tumor using a 3-F catheter
(Cook, Bloomington, India). The left hepatic artery,
which exclusively supplies blood flow to the tumor,
was catheterized selectively. When the catheter was
adequately positioned in the left hepatic artery after celiac
arteriography was performed, a chemoembolization
mixture consisting of 5 mg doxorubicin (adriamycin;
Farmitalia Carlo Erba, Italy) and 1 mL ethiodized oil
(lipiodol; Andre Guerbet, France) was injected carefully
into the artery. Digital spot images were obtained after
chemoembolization. The catheter was then removed, and
the femoral artery was ligated.

MR imaging protocol

MR scanning was performed on a 1.5 T superconducting
magnet (Signa Twinspeed excite, GE Medical Systems,
USA) equipped with a maximum gradient strength of
40 mT/m. All images were acquired using a phased
array knee coil. In all rabbits, unenhanced and contrast-
enhanced T1-, T2-, and diffusion-weighted images
were obtained in the axial, and/or coronal, sagittal
plane, respectively. Diffusion-weighted images were
obtained before contrast medium injection. The rabbits
were anesthetized with a combination of ketamine
hydrochloride and diazepam as described above. Each
animal was placed in the knee coil at supine position
with its abdomen fastened using a belt to control the
motion artifacts caused by breathing;

T2-weighted fast spin-echo images (TR/TE,
2800/72.4; matrix, 512 X 512), and T1-weighted spin-
echo images (TR/TE, 350/9.0; matrix, 256 X 256)
were obtained. DWI was performed in the axial plane
using a single-shot echo planar imaging (EPI) sequence
with the following parameters: TR/TE = 3000-4000
/50.9-70.2 ms, FOV = 12 cm X 12 cm, pixel matrix
= 256 X 256, section thickness = 3 mm, intersection
gap= 0.5 mm. Different values of b factor (0, 200,
400, 600 or 1000, 2000 s/mmz) were used. Then, 0.05
mmol/kg gadopentetate dimeglumine (Magnevist;
Schering, Germany) was administered intravenously,
and fat-saturated spoiled gradient-echo T1W sequences
were obtained. Therefore, the overall scan time was
approximately 15 min.

Image analysis

ADC maps were automatically generated on the
post processing workstation (ADW4.0, GE Medical
Systems, USA). One experienced radiologist established
ROIs in the tumors, lesion-free liver parenchyma,
and background on all series of diffusion-weighted
images. For heterogeneous tumors, regions of interest
(ROIs) covered the entire tumor at the maximum
section consisting of at least 100 pixels, and then were
copied to the corresponding ADC maps, from which
the ADC value with different b factors for each ROI
was calculated. Each of the signal intensities (SI) and
ADCs was measured three times, and the measurements
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Figure 1 Diffusion-weighted images obtained with different b-values. A and B: High signal intensity in tumors and hyperintense gallbladder on b200 and b400 DWI; C-E:
Hyperintensive tumors and invisible gallbladder on b600, b1000 and b2000 DWI. The image qualities degrade with increasing b values.

were averaged. CNR performed on all DWI series was
calculated using the following formula: CNR = (S, -
SLiver)/SD,ise» where SI and SI,,,, are the signal
intensity of the tumor and liver, respectively, and SD is
the standard deviation from the background noise.

lesion liver

Histological analysis and comparison with MR images
All animals were sacrificed by giving an intravenous
pentobarbital overdose immediately after the completion
of MR imaging. The tumors were surgically removed
and fixed in a 10% formaldehyde solution. From each
tumor three 5 um thick sections corresponding to the
image planes were cut and stained with hematoxylin and
eosin (H&E) and analyzed under a light microscope.
Viable tumor and tumor necrosis were identified on
these sections and correlated to the corresponding spin-
echo images and the ADC maps. The percentage of
necrotic area in each tumor was then calculated by an
expetienced pathologist.

Statistical analysis

Statistical analysis was performed using SPSS 13.0. ADC
values were presented as mean t standard deviation
(SD). Pearson’s correlation test was used to test for the
relationship between ADC values and extent of necrosis.
Differences in the ADCs pre- and post-treatment were
assessed with the paired Student’s #test. The correlation
between ADC, CNR and b factors was analyzed. P < 0.05
was considered statistically significant.

RESULTS

Chemoembolization
TACE was performed successfully in all animals, and

no animals died within 3 d after the procedure. The
left hepatic artery exclusively supplied blood flow
to the tumor. A region of hypervascular blush was
noted on the left side of the upper abdomen. Selective
accumulation of deposits of iodized oil was observed
in the hepatic tumors at digital spot images performed
immediately after TACE.

MR imaging

The tumors were slightly inhomogeneous hyperintense
on T2-weighted images, hypointense on T1-weighted
images. A marked peripheral enhancement pattern
was noted on contrast-enhanced T1WI before and
after TACE, with centrally non-enhancing regions
corresponding to the necrotic area. However, the
margin between the viable tumor and its surrounding
liver parenchyma was inconspicuous. On DWI
obtained before treatment with a b value of 200 or
400 s/mm’ both the tumor and gallbladder presented
with hyperintense signals (Figure 1). On DWI with a b
value equal to or larger than 600 s/ mrnz, the gallbladder
was depicted as a region of hypointense signal
attenuation, whereas the tumor remained hyperintense
(Figure 1). On DWI obtained after treatment, the viable
tumor presented with hyperintense signals indicating
a restricted diffusion capacity, whereas a necrotic area
was depicted as hypointense indicating free diffusion.
The image quality diminished greatly with increasing b
value especially on b2000 DWI (Figure 1). A substantial
decrease in the mean lesion-to-liver CNR was observed
on both pre- and post-treatment DW images. On these
series of DW images, the largest difference in CNR
pre- and post-treatment was manifested at a b value of

1000 s/mm” (P = 0.036, Figure 2).
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Figure 2 Contrast-to-noise ratio (CNR) of the diffusion-weighted images vs
different sets of b-values of hepatic tumors pre- and post-treatment. CNR
decreases with increasing b values after TACE, especially at b1000 on DWI.

The eatly effect of TACE on diffusion was shown by
a substantial increase in ADC (P = 0.007), especially with
large b factors (= 600 s/ mm”, Figure 3). These data are
summarized in Table 1.

Histopathologic analysis

At microscopic examination, tumors treated with
TACE revealed massive necrosis involving both the
peripheral and central regions of the tumor. The mean
percentage of necrotic cells present within the tumor
was 76.3%-97.5% (mean 89.1%). A significant positive
correlation was found between ADC values and extent
of necrosis with all b values except for b200. A higher
relative coefficient between ADC values and percentage
of necrosis was found on DWI with b1000 and b2000 (P
= 0.002 and 0.0006, Figure 4).

DISCUSSION

Total necrosis after TACE has been reported to be as low
as 10%-20%"", and the presence of residual or recurrent
tumor is inevitable. Precise evaluation with imaging
modalities at an early stage is important to determine
whether the tumor needs further treatment. The tumor
volume has generally been used as an indicator of
therapeutic response. However, necrotic tumors do not
shrink until 1-2 mo after chemoembolization'”. Besides,
the apparent post-treatment increase may be due to the
visualization of surrounding edematous changes. Thus,
changes in tumor volume fail to predict the histological
tumor response.

Diffusion-weighted imaging provides insights into
tumor behavior for monitoring treatment response,

www.wjgnet.com

w
o
1

- Pre-treatment
—e— Post-treatment

N
"
T

N
o
T

ADC value (x 10° mm?/s)
5 in
T T
[ ]

o
wn
T

0 500 1000 1500 2000 2500
b value (s/mm?)

154
o

Figure 3 Plots of averaged ADC values for all 12 tumors vs different sets of
b-values of hepatic tumors pre- and post-treatment. ADC values present as
a function of b factors. The early effect of therapy on diffusion is shown by a
substantial increase in ADCs, especially at a large b factor (= 600 s/mm?).

thus enabling noninvasive depiction of molecular
diffusion which is the Brownian motion of water
protons in biologic tissues. Calculation of the ADC
allows quantification of that motion"""". The sensitivity
of diffusion-weighted imaging to water motion can
be varied by changing b value, which is a function of
diffusion gradient strength, duration of the gradient, and
interval between diffusion gradients. Diffusion-weighted
imaging has been used to predict and monitor the
effect of several treatment options and to differentiate
between viable and necrotic tumor tissues” . In these
studies, a variety of b values ranging from 0 s/mm” to
4000 s/mm” were used””. To our knowledge, however,
comparison between DW images obtained with different
b values on evaluation of the efficacy of TACE has not
been reported.

In this study, we treated rabbits bearing VX2 tumors
with TACE, whose vascularization is similar to that of
human liver tumors"™"”. Subsequently, the early tumor
response to TACE was assessed vz different b values
on DWT to determine which b value is most suitable for
evaluation.

In the present study, the tumor and gallbladder
presented with hyperintense signals on DWI obtained
with a low b value of 200 or 400 s/mm?” When the
b value increased to 600 s/mmz, the gallbladder was
depicted as a region of hypointense signal attenuation
whereas the tumor remained hyperintense (Figure 1).
Visual assessment of signal attenuation on DWI has
been applied in tumor detection and characterization,
however, signal intensity observed on DWI depends
on both water diffusion and T2 relaxation time™’. The
relative contribution of T2 signal intensity to DWI,
namely “T2 shine-through” effect, is a source of error in
image interpretation. Tissues of organs with a long T2
relaxation time, such as gallbladder or cystic lesions, may
appear hyperintense on DWI because of the T2 shine-
through effect. This effect can be reduced by increasing
the b value, but cannot be easily avoided. The ADC
value is independent of magnetic field strength and can
overcome the effects of T2 shine-through, thus allowing
a more meaningful evaluation of tumor response to
therapy.

In our study, the ADC values corresponded to the
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Figure 4 Plots of post-treatment ADC values as a percentage of necrosis measured on the sections of tumors. The r values of 0.239, 0.504, and 0.675 found at b200,
b400 and b600 (A-C), and a higher r value at b1000 and b2000 are found on DWI (D and E).

histopathologic rate of necrosis within the tumors,
suggesting that diffusion-weighted imaging has a
potential for early detection of tumor necrosis after
TACE, which is in agreement with the findings in
theoretical diffusion models and 7z vitro and in vivo
studies™ ", DWI can differentiate viable and necrotic
tissues by calculating ADC values because in the former,
cell and intracellular membranes are intact, restricting
molecular diffusion into viable tumors. Conversely,
necrotic tumors are characterized by a breakdown of
these membranes, thereby allowing free diffusion and an
increase of diffusing molecules, resulting in an increased
ADC value""",

Comparison between different b-values on DWI
revealed that the ADC values decreased with the
increasing b value, and the difference in ADC values
pre- and post-treatment was significant. A higher relative
coefficient between ADC values and percentage of
necrosis was found on DWI with b1000 and b2000,
indicating that a high b-value on DWI is more sensitive
in early detection of tumor necrosis. The signal intensity
on diffusion-weighted images is a mixture of diffusion
and perfusion. On DWI obtained with a low b-value,
perfusion effects usually cause larger signal attenuation
than diffusion effects”*. In the presence of perfusion,
the ADC value calculated from images with a low b
value would be overestimated due to this additional
cause of signal attenuation. At a high b value, ADC
measurement will be relatively perfusion insensitive and
theoretically more reflective of tissue cellularity and the
integrity of cellular membranes™ . A few studies on
evaluation of tumor response to therapy with high b
values on DWT have recently been reported®*. Mardor
et al™ reported that a high-b-value on DWI is highly

correlated to radiotherapy-treated human brain tumors.

Roth ¢ a/*” demonstrated that high-b-value diffusion-
weighted MR imaging can be potentially used in eatly
detection of response to chemotherapy.

However, in the present study, the image quality
diminished with the increasing b value especially at
b2000 on DWI, CNR measurements showed that
b1000 on DWI increased the contrast pre- and post-
treatment, suggesting that higher b values may increase
the diffusion sensitivity by diminishing the T2 shine-
through effect. High b values may also decrease the
absolute difference in signal intensity between tumor and
liver parenchyma. The results of our study suggest that
an intermediate b value (i.e., 1000 s/mm? may provide
optimal visualization. In terms of the accuracy of ADC
measurement, because the single-shot echo planar pulse
sequence is very sensitive to magnetic susceptibility,
resulting in geometric distortion artifacts that tend
to be more severe when the b value is 2000 s/mm”,
image distortion may cause significant errors in the
measurement of ADC values.

In abdominal diffusion-weighted imaging, the most
challenging technical difficulty is to overcome the effects
of breathing motion, while retaining the sensitivity to
the microscopic motion. To reduce the artifact caused by
breathing, several attempts were made in our study. First,
fast imaging acquisition was applied. The most common
form of data acquisition is a single-shot read out, in
particular single-shot echo planar imaging” ™, since the
acquired phase error due to bulk motion is equal in each
phase encoding step and therefore does not affect the
image reconstruction. With EPI, the fastest MR imaging
technique, an image can be acquired within 50 ms and
physiologic motion can be literally frozen-out, so it has
been widely applied in DW imaging,

Second, respiratory rate should be controlled

www.wjgnet.com
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efficiently. To minimize the potential confounding
artifacts caused by motion, Geschwind ez al™) acquired
images shortly after the death of animals. We modified
our protocol by fastening the abdomen of rabbits with a
belt and using combined deep anesthesia. By this means,
we obtained high quality images without virtually visible
motion artifacts. The whole acquisition time was 15 min,
and no animals died during the MR scanning procedure.

Our study had two major limitations. First, we placed
the ROI covering the entire tumor. The ADC values of
viable and necrotic area were not calculated. Second,
due to the small population of animals, the results were
not analyzed according to the tumor response or disease
progress.

In summary, DWI can be used to assess the degree
of tumor necrosis based on significant differences in
ADC values. Based on the maximal contrast and changes
in ADC values pre- and post-treatment, b values above
600 s/mm” are recommended. We hold that the optimal
b value should be 1000 s/mm”,

COMMENTS

Background

Necrotic tumor remnants or inflammatory fibrosis may not be accurately
differentiated from residual tumor by conventional MR imaging early after
therapy. DWI enables noninvasive characterization of biologic tissues based
on their water diffusion properties and could provide information that is not
readily available from conventional MR imaging. The sensitivity of diffusion-
weighted imaging to water motion can be varied by changing the b value, which
is a function of diffusion gradient strength. Thus, it is very important to select a
suitable b value to evaluate the tumor response accurately.

Research frontiers

Diffusion-weighted imaging has been used to predict and monitor the effect of
several treatment options and to differentiate between viable and necrotic tumor
tissues. A few studies on evaluation of tumor response to therapy using at high
b values on diffusion-weighted imaging (DWI) have recently been reported.
Mardor et al reported that a high-b-value on DWI has a higher correlation to
radiotherapy-treated human brain tumors. Roth et al demonstrated that a high-
b-value on diffusion-weighted MR imaging can be potentially used in detecting
early response of tumors to chemotherapy in an animal model.

Innovations and breakthroughs

A major limitation of previous studies is the lack of comparison between DW
images obtained with different b values. In this study, we treated rabbits bearing
VX2 tumors with transarterial chemoembolization (TACE). Subsequently, the
early response of tumor to TACE was assessed via different b values on DWI to
determine which b value is most suitable for evaluation.

Applications

DWI can be used to assess the degree of tumor necrosis based on significant
differences in the apparent diffusion coefficient (ADC) values. With regard to
maximal contrast, changes in ADC values pre- and post-treatment, b values
above 600 s/mm’ are recommended. Physicians should be aware of the trade-
off between increased image distortion and ADC difference at higher b values,
the optimal b value should be 1000 s/mm?>

Terminology

DWI exploits the random, translational motion of water protons in biologic
tissues, which causes phase dispersion of the spins resulting in signal loss.
This signal loss can be quantified by calculating the ADC value, which refers to
the specific diffusion capacity of a biologic tissue. The sensitivity of diffusion-
weighted imaging to water motion can be varied by changing the b value, which
is a function of diffusion gradient strength.

Peer review

In the study, the authors tried to find the diffusion gradient b-factor that
optimizes ADC measurement and contrast-to-noise (CNR) for assessing tumor
response to TACE in a rabbit model. The image modalities and technique they
used in this study were advanced both at home and abroad. The study design
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is perfect. The conclusion about the optimal b value for monitoring early hepatic
tumor response to TACE is of clinical importance.
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