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Abstract
AIM: To explore whether the antitumor effect of a 
vascular disrupting agent (VDA) would be enhanced by 
combining with an antiangiogenic agent, and whether 
such synergistic effects can be effectively evaluated 
with separate calculation of diffusion weighted mag-
netic resonance imaging (DW-MRI).

METHODS: Thirty-seven rats with implanted liver tu-
mors were randomized into the following three groups: 
(1) ZD6126, a kind of VDA; (2) ZDTHA, ZD6126 in 
combination with an antiangiogenic, thalidomide; and 
(3) control. Morphological DW-MRI were performed 

and quantified before, 4 h and 2 d after treatment. The 
apparent diffusion coefficient (ADC) values were calcu-
lated separately for low b  values (ADClow), high b  values 
(ADChigh) and all b  values (ADCall). The tissue perfusion 
contribution, ADCperf, was calculated as ADClow-ADChigh. 

Imaging findings were finally verified by histopathology. 

RESULTS: The combination therapy with ZDTHA signif-
icantly delayed tumor growth due to synergistic effects 
by inducing cumulative tumor necrosis. In addition to 
delaying tumor growth, ZDTHA caused tumor necrosis 
in an additive manner, which was verified by HE stain-
ing. Although both ADChigh and ADCall in the ZD6126 
and ZDTHA groups were significantly higher compared 
to those in the control group on day 2, the entire tumor 
ADChigh of ZDTHA was even higher than that of ZD6126, 
but the significant difference was not observed for AD-
Call between ZDTHA and ZD6126. This indicated that 
the perfusion insensitive ADChigh values calculated from 
high b  value images performed significantly better than 
ADCall for the monitoring of tumor necrosis on day 2. 
The perfusion sensitive ADCperf derived from ADClow by 
excluding high b  value effects could better reflect the 
reduction of blood flow due to the vessel shutdown in-
duced by ZD6126, compared to the ADClow at 4 h. The 
ADCperf could provide valuable perfusion information 
from DW-MRI data. 

CONCLUSION: The separate calculation of ADC is 
more useful than conventional averaged ADC in evalu-
ating the efficacy of combination therapy with ZD6126 
and thalidomide for solid tumors.

© 2013 Baishideng Publishing Group Co., Limited. All rights 
reserved.
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ADC values based on various combinations of  b values 
with a monoexponential fitting algorithm)[7-9] and intra-
voxel incoherent motion (IVIM)[10,11], to differentiate the 
fraction of  microcirculation perfusion from pure diffu-
sivity within the DW-MRI data.

The purpose of  the present study was to test our hy-
potheses that the antitumor effect of  a VDA, ZD6126, 
would be enhanced by combining with an antiangiogenic 
agent, thalidomide, and that the effect can be monitored 
and better elucidated with separate calculation of  ADC 
values compared to conventional ADC value in a rat liver 
tumor model. To our knowledge, the application of  sepa-
rate calculation of  ADC maps has not been reported in 
such a combined antitumor therapy.

MATERIALS AND METHODS
Experimental design 
A total of  37 rats were randomly assigned into the fol-
lowing 3 groups: (1) ZD6126 group (n = 14): ZD6126 
(AstraZeneca, Cheshire, United Kingdom) was dissolved 
with 4 portions of  8.4% sodium carbonate and 1 por-
tion of  phosphate-buffered saline (PBS), pH 7.4. On day 
0, one dose of  50 mg/kg ZD6126 was injected iv into 
each animal; (2) ZDTHA group (n = 13): Stock solutions 
of  thalidomide (Pharmaceutical Factory, Changzhou, 
China) were prepared in DMSO (Sigma-Aldrich NV/SA, 
Bornem, Belgium) and injected ip at a dose of  200 mg/
kg three times at a interval of  one day during the entire 
experiment[12]; the first dose of  thalidomide was injected 
24 h prior to ZD6126 administration, and the second 
and third doses of  thalidomide were given immediately 
and 2 d after ZD6126 administration, respectively; and (3) 
Control group (n = 10): Animals were iv and ip injected 
with the vehicles (solvents) of  both agents at the same 
time points that the other groups were injected. For all 
groups, MRI was performed before, and 4 h and 2 d 
after the initial ZD6126 treatment. At the end of  the ex-
periment, all animals were sacrificed for histopathologi-
cal examinations.

Animal model
This study was approved by the institutional ethical com-
mittee for the use and care of  laboratory animals. Adult 
WAG/Rij rats (Iffa Credo, Brussels, Belgium) with exist-
ing subcutaneous rhabdomyosarcomas were used as do-
nors. The tumor tissues were excised and implanted into 
37 normal adult WAG/Rij rats that weighed 225-275 g, 
as described previously[13].

MRI
All rats were initially anesthetized by inhalation of  2% 
isoflurane and maintained with 0.8% isoflurane for MRI. 
A clinical 1.5T MRI system (Sonata, Siemens, Erlangen, 
Germany) was used with a maximum gradient capability 
of  40 mT/m. The following sequences were acquired in 
the transverse plane for all rats, with a slice thickness of  
2 mm and an inter-slice gap of  0.2 mm: (1) Fat saturated 

9093 December 21, 2013|Volume 19|Issue 47|WJG|www.wjgnet.com

Chen F et al . Liver tumor: Therapeutic assessment using DW-MRI

Animal model; Rodents

Core tip: The combination therapy with ZD6126 and 
thalidomide significantly delayed liver tumor growth 
due to synergistic effects by inducing cumulative tumor 
necrosis in rodents. The apparent diffusion coefficient 
(ADC)high performed significantly better than ADCall for 
the monitoring of tumor necrosis on day 2. The ADCperf 
could better reflect the reduction of blood flow due to 
the vessel shutdown induced by ZD6126, compared to 
the ADClow. The ADCperf could provide valuable perfusion 
information from diffusion weighted magnetic reso-
nance imaging data.
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INTRODUCTION
Tumor vasculature has become an attractive target for 
therapy. One of  such therapies is to use vascular disrupt-
ing agents (VDAs), which can selectively destroy existing 
tumor blood vessels by disrupting the microtubules of  
the cytoskeleton in endothelial cells; this leads to ischemic 
central necrosis of  the tumor[1]. However, tumors can 
rapidly rebound from the residual viable rim when VDAs 
are used alone; this compromises the therapeutic utility of  
these agents[2]. Another therapy is to prevent new tumor 
blood vessel formation with antiangiogenic agents. There-
fore, current efforts have gradually shifted from the single 
use of  VDA to the combination of  a VDA with an anti-
angiogenic agent[3,4]. As the latter may inhibit the growth 
of  new tumor vessels, the combination of  two approaches 
thus is likely to have synergistic therapeutic efficacy. 

As an established non-invasive technique, in vivo mag-
netic resonance imaging (MRI) has played an important 
role in the evaluation of  tumor response to treatment. 
Diffusion-weighted MRI (DW-MRI), due to its ability to 
detect molecular water motion at the cellular level, i.e., 
the measurement of  tissue apparent diffusion coefficient 
(ADC), has become a favorite choice of  measures in a 
variety of  oncological studies and tissue viability assess-
ments[5]. Technological innovations in recent years have 
enabled the increasing use of  high-quality and quantita-
tive DW-MRI in monitoring tumor treatment. However, 
it has been realized that the information acquired from 
conventional calculation of  DW-MRI data actually rep-
resents the combined effects of  tissue microcirculation 
perfusion and pure tissue diffusivity in each imaging 
voxel at DW-MRI. This may hinder the appropriate 
interpretation of  the DW-MRI data[6]. Therefore, there 
is growing interest in applying more sophisticated ap-
proaches, such as separate ADC (calculating different 



T2-weighted fast spin echo MRI (T2W-MRI) with a rep-
etition/echo time (TR/TE) of  3860/106 ms, a turbo fac-
tor of  19, a field of  view (FOV) of  140 mm × 70 mm, 
and an acquisition matrix of  256 × 256 (in-plane resolu-
tion: 0.5 mm × 0.3 mm). Three signals were acquired, in 
a scan time of  1 min 25 s; (2) Contrast-enhanced fat satu-
rated T1-weighted fast spin echo MRI (CE-T1W-MRI) 
immediately after an iv bolus of  0.3 mmol/kg gadoterate 
meglumine (Dotarem®, Guerbet, France), with the fol-
lowing parameters: a TR/TE of  535/9.2 ms, a turbo fac-
tor of  seven, a FOV of  140 mm × 70 mm, and an acqui-
sition matrix of  256 × 256 (in-plane resolution: 0.5 mm 
× 0.3 mm). Four signals were acquired, in a scan time of  
1 min 24 s; (3) DW-MRI with a 2-dimensional (2D), spin 
echo, echo-planar imaging sequence. We used a TR/TE 
of  1700/83 ms, a FOV of  140 mm × 82 mm, and an ac-
quisition matrix of  192 × 91 (in-plane resolution: 0.7 mm 
× 0.9 mm). For the DW-MRI, six signals were acquired, 
including repeated measurements for 10 different b val-
ues (0, 50, 100, 150, 200, 250, 300, 500, 750, and 1000 
s/mm2) in 3 directions (x, y, and z) and averaged for the 
calculation of  the isotropic ADC value. A parallel imag-
ing technique was applied to reduce susceptibility artifacts 
and examination times. The total examination time was 4 
min 51 s.

Tissue processing and histology
All rats were euthanized for tissue processing and histol-
ogy at the end of  the experiment. First, animals were 
over-anesthetized by an intraperitoneal injection of  pen-
tobarbital (50 mg/kg) (Nembutal, Sanofi Sante Animale, 
Brussels, Belgium). Then, the livers were collected, fixed 
with formalin, embedded in paraffin, and sliced into 
transverse sections. The sections were 2 mm thick, and 
were positioned on the same planes used for the MRI 
scans, based on a grid (Agar Scientific, England). The 
tumor slices (5 μm thick) were stained with hematoxylin 
and eosin (HE).

MRI analysis
An off-line LINUX workstation with dedicated software 
(Biomap, Novartis, Basel, Switzerland) was used for im-
age analyses. Two experienced radiologists delineated the 
entire tumor with operator-defined regions of  interest 
(ROI) in consensus to obtain robust measurements and 
to facilitate comparisons between different treatment 
approaches. All ROIs were larger than 10 pixels in size. 
For each imaging parameter, tumor and normal liver 
were measured with ROIs on all tumor-containing im-
age slices, and mean values were obtained for each tumor 
and the liver, respectively. After that, the mean value and 
standard deviation for each parameter were calculated for 
each group at each time point for statistical analysis.

T2 weighted and contrast enhanced-T1 weighted 
MRI: The residual viable tumor or rim after treatment 
was visualized as contrast-enhanced, high signal region 
on the CE-T1W-MRI. The tumor necrotic areas were 

contoured on CE-T1W-MRI based on the unenhanced, 
low-signal areas within the tumors that were observed af-
ter injection of  a contrast agent. Relative volumes (%) of  
tumor necrosis were calculated by normalizing them to 
the entire tumor volume. For each lesion, the tumor areas 
were delineated at T2W-MRI on all slices and automati-
cally combined into the total tumor volume. The tumor 
volume change (%) was calculated using the following 
formula: [(volumepost - volumepre)/volumepre] × 100.

Separate calculation of  tumor ADC: For calculating 
different ADC values, the first step was to measure the 
entire tumor signal intensity (SI) from original DW-MRI 
images of  10 b values, respectively. Briefly, for each tu-
mor, freehand delineations were performed on all slices 
of  the original DW-MRI at a b value of  1000 s/mm2. 
These delineations were merged to form one 3D volume 
of  interest per lesion. The volume of  interest was then 
automatically copied to all images with different b values 
and the average SI of  each lesion per b value was deter-
mined. The second step was to obtain separate ADC val-
ues according to a monoexponential model using all 10 b 
values[14]. To differentiate the individual contributions of  
tissue microcapillary perfusion and pure tissue diffusivity, 
the ADC values of  each tumor were obtained separately 
for low b values (b = 0, 50, and 100 s/mm2; ADClow) and 
high b values (b = 500, 750, and 1000 s/mm2; ADChigh) 
from the average SI per tumor and per b value. Each 
ADC value was calculated by using a least squares solu-
tion of  the following system of  equations: ADCall: Sk = 
S0 × exp (-bk × ADClow), for k = 0, 50, 100; 150, 200, 250, 
300, 500, 750, 1000; ADClow: Si = S0 × exp (-bi × ADClow), 
for i = 0, 50, 100; ADChigh: Sj = S0 × exp (-bj × ADChigh), 
for j = 500, 750, 1000; where Sk, Si, and Sj are the SI mea-
sured on the DW-MRI acquired with the corresponding 
b values bk, bi and bj, S0 represents the exact SI (without 
the influence of  noise induced by the MR measurement) 
with b value equal to 0 s/mm2. ADClow is perfusion sen-
sitive, while ADChigh is perfusion insensitive. Although 
ADClow is perfusion sensitive, it is also affected by dif-
fusion effects in tissue[15]. Therefore, an approximate 
indicator, ADCperf, for the tissue perfusion contribution 
can be calculated as ADClow-ADChigh

[7]. Imaging software 
(MeVisLab 2.2.1, MeVis Medical Solutions AG, Bremen, 
Germany) was used to generate the maps of  ADCall, AD-
Chigh, ADClow and ADCperf.

Microscopic analysis
Microscopic image analyses were performed by a pathol-
ogist blinded to the experimental detail with magnifica-
tions ranging from × 50 to × 400. On HE stained mac-
roscopic sections, image analysis software (ImageJ 1.34s, 
NIH, United States) was used to quantify the percentages 
of  amorphous eosinophilic necrosis in the total tumor 
area. 

Statistical analysis
Statistical analysis was carried out with the SPSS for win-
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ZD6126 groups (P = 0.08) (Table 1 and Figure 2A-C).

ADClow and perfusion sensitive ADCperf

ADClow: The ADClow of  ZDTHA was significantly lower 
than that of  ZD6126 before treatment (P < 0.05), but it 
was not for the control group (P = 0.12). No significant 
differences in ADClow were observed among the three 
groups at 4 h (P > 0.05 for all). On day 2, the ADClow 

of  ZDTHA was much higher compared to the control 
group (P = 0.02) (Table 1 and Figure 2D-F).

ADCperf: Compared to the control group, tumor ADC-
perf in both the ZD6126 and ZDTHA groups decreased 
dramatically at 4 h, most likely due to a rapid vascular 
shutdown induced by ZD6126 (P = 0.016 and 0.047, re-
spectively). This was followed by a rapid rebound on day 
2 in both the ZD6126 and ZDTHA groups (no longer 
significantly different compared to the control group, P = 
0.979 and 0.525, respectively) (Figure 2D-F). A significant 
reduction in the tumor ADCperf  of  ZDTHA was noted 
at 4 h compared to the ZD6126 group (P = 0.025). The 
ADCperf of  ZDTHA still showed a lower level compared 
to the ZD6126 at 2 d, although there was no significant 
difference (P = 0.44) (Table 1 and Figure 2D-F).

Histology 
Two days after treatment, the percentages of  necrosis 
compared to the total tumor areas on HE stained tumor 
sections were significantly higher in both the ZDTHA 
and ZD6126 groups compared to the control group (P 
= 0.000 for both). No significant difference was found in 
the necrotic areas of  the ZDTHA and ZD6126 groups (P 
= 0.09) (Figure 1).

DISCUSSION
We have demonstrated three main findings in the pres-
ent study. First, tumor growth was significantly delayed 
by both ZD6126 and ZDTHA treatments compared to 
the control group, and a significant delay could be ob-
served only two days after application of  a single dose 
of  ZD6126. In addition, ZDTHA significantly delayed 
tumor growth than ZD6126, indicating a synergistic an-
ticancer effect of  ZD6126 and thalidomide. It has been 
known that tumors can rapidly regrow due to the residual 
viable rim when ZD6126 was used alone[2]. It has also 
been reported that thalidomide, which was reintroduced 
into clinical practice with its antiangiogenic properties, 
had little or no effect on full-grown tumors like those 
in our patients, when used alone[4]. Therefore, the syn-
ergistic effects of  ZDTHA may have contributed to the 
enhanced antitumor effect in this study. In the combina-
tion therapy, ZD6126-induced tumor necrosis, which 
may then promote tumor angiogenesis, could provide 
the appropriate conditions for THA to indirectly inhibit 
angiogenesis[17], because thalidomide is effective only in 
the early stages of  tumor formation[4]. Thalidomide indi-
rectly inhibits angiogenesis via tumor necrosis factor and 

dows software package (release 18.0, SPSS Inc., Chicago, 
United States). A general linear model, with repeated-
measures, was used to compare changes in various pa-
rameters over time among groups. The nonparametric 
Kruskal-Wallis analysis of  variance was performed for 
comparing parameters between groups at certain time 
points, followed by post-hoc group-wise comparisons us-
ing a Bonferroni correction for multiple tests. A P value 
< 0.05 was considered statistically significant.

RESULTS
A total of  37 rats (72 tumors) were included in the study. 
Four rats in the ZDTHA group were found to have mi-
nor hemorrhage around the eye socket and perianal area 
on day 1 after the first thalidomide treatment. This was 
probably due to a venous thromboembolism induced by 
thalidomide[16].

Tumor volume growth
As shown on T2W-MRI images, ZD6126 and ZDTHA 
both induced a significant tumor volume growth delay 
from pretreatment to 2 d after administration, compared 
to the control group (P < 0.0001 for both). Furthermore, 
ZDTHA performed significantly better than ZD6126 
in delaying tumor growth on day 2 after treatment (P < 
0.0001) (Figure 1).

Perfusion insensitive ADChigh: Before treatment: there 
were no significant differences in ADChigh among the 
three groups (P > 0.05 for all). At 4 h, there was no sig-
nificant change in the ADChigh (P > 0.05 for both) in both 
the ZDTHA and ZD6126 groups, compared to the con-
trol group. On day 2, the therapy-induced tumor necrosis 
caused a significant rise in the ADChigh in both ZDTHA 
and ZD6126 groups compared to the control group (P 
< 0.0001 and = 0.0004, respectively). Furthermore, the 
ADChigh was much higher in the ZDTHA group than in 
the ZD6126 group (P = 0.03) (Table 1 and Figure 2A-C).

ADCall: At 4 h, the ADCall in both the ZDTHA and 
ZD6126 groups was significantly reduced compared to 
the control group (P = 0.01 and 0.02, respectively). In 
contrast, the ADCall in both the ZDTHA and ZD6126 

groups showed a sharp increase on day 2 compared to 
the control group (P < 0.0001 for both). However, no 
difference in ADCall was found between the ZDTHA and 
ZD6126 groups (P = 0.08) (Table 1 and Figure 2A-C).

Comparison of  ADChigh with ADCall: The perfor-
mance of  ADCall was different with that of  ADChigh at 
the following time points. At 4 h, the ADCall in both the 
ZDTHA and ZD6126 groups showed a significant de-
crease compared to the control group; however, this was 
not observed for ADChigh in the same two groups. On day 
2, the ADChigh of  ZDTHA was significantly greater than 
that of  ZD6126 (P = 0.03), but the significant difference 
was not observed for ADCall between the ZDTHA and 
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the prostaglandin E pathway[17]. Therefore, the proposed 
combination therapy with ZD6126 and thalidomide may 
have some potential applications for solid tumor treat-
ment in clinic.

Second, ADChigh, a separate ADC value calculated 
from high b value images, performed significantly better 
than ADCall for the monitoring of  tumor necrosis. In ad-
dition to delaying tumor growth, ZDTHA caused tumor 
necrosis in an additive manner, which was verified by HE 
staining. Our results showed that although both the AD-
Chigh and ADCall of  ZDTHA and ZD612 were significant-

ly higher compared to those of  the control group on day 
2, the entire tumor ADChigh of  ZDTHA was even higher 
than that of  ZD6126, but the significant difference was 
not observed for ADCall between ZDTHA and ZD6126. 
This was due to that ADChigh was more sensitive to the 
diffusion change resulting from the therapeutic necrosis 
of  the tumor on day 2. It has been reported that VDA 
can cause massive central necrosis 2 d after treatment[18]. 
Thalidomide can directly induce apoptosis or G1 phase 
arrest[19]. Consequently, tumor cells treated with ZD6126 
and thalidomide underwent increased necrosis compared 
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Figure 1  Tumor growth delay. A: Representative axial magnetic resonance images of liver tumors acquired with T2-weighted images (T2WI) [repetition/echo time (TR/
TE) = 3860/106 ms], contrast enhanced T1-weighted images (CE-T1WI) (TR/TE = 535/9.2 ms) and HE stained sections. Top row magnetic resonance images: After 
the combination therapy with ZDTHA, the tumor (solid arrow) in the right liver lobe showed delayed growth with massive central necrotic area (dotted arrow) compared 
to the control tumor on day 2; Middle row magnetic resonance images: After ZD6126 treatment, the right tumor also showed delayed growth compared to the control 
tumor on day 2 , however, the tumor necrotic area was reduced (dotted arrow) because the tumor regrew from viable rim; Bottom row magnetic resonance images: 
In a control animal, the tumor grew remarkably at 2 d; HE sections: The tumor (solid arrow) and central necrotic areas (dotted arrow) in different groups were verified 
by HE staining; B: The graph indicated that ZDTHA induced a significant tumor volume growth delay during the experiment, compared to both the ZD6126 and control 
groups (bP < 0.01 for both; C: The box plots showed significantly higher percentages of necrotic area (necrosis/tumor) on HE stained sections in both the ZDTHA and 
ZD6126 groups compared to the control group (P = 0.000 for both). No significant difference in necrosis was found between the ZDTHA and ZD6126 groups (P = 0.09).
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to the single use of  ZD6126 at the end of  the study; this 
synergistic effect on necrosis could be better reflected 
with ADChigh as shown in this study. 

Third, ADCperf, a separate ADC value calculated as 
ADClow minus ADChigh, can provide valuable perfusion 
information from DWI data. Although the ADClow was 
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Figure 2  Apparent diffusion coefficient maps for tumors. A: Representative maps of apparent diffusion coefficient (ADC)all and ADChigh for liver tumors (solid ar-
row) in three groups. The area of therapy-induced necrosis (dotted arrow) was significantly larger in the ZDTHA group than those observed in both the ZD6126 and 
control groups; B: The dynamic change of ADCall during the experiment (aP < 0.05, bP < 0.01 vs control; respectively); C: The dynamic change of ADChigh during the 
experiment. Compared to the ADCall, the increased diffusion due to therapeutic necrosis was better reflected with ADChigh in both the ZDTHA and ZD6126 groups on 
day 2 (bP < 0.01 vs control; cP < 0.05 vs ZD6126); D: Representative maps of ADClow and ADCperf for liver tumors (arrow) in the three groups. The signal intensities ob-
served on ADClow maps were always higher than those observed on ADCperf maps at each time point in each group, because ADClow combines both the perfusion and 
diffusion effects; E: The dynamic change of ADClow during the experiment (aP < 0.05 vs control; cP < 0.05 vs ZD6126); F: The dynamic change of ADCperf during the 
experiment. Compared to the ADClow, the perfusion reduction due to the shutdown of tumor vessels was better reflected with ADCperf in both the ZDTHA and ZD6126 
groups at 4 h (aP < 0.05 vs control). Furthermore, the ADCperf in the ZDTHA group was even lower compared to the ZD6126 group at 4 h (cP < 0.05 vs ZD6126).
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calculated from low b value images and perfusion sensi-
tive, it was still contaminated with diffusion effects in tis-
sues[15]. Therefore, ADClow was not satisfactory in evaluat-
ing the tumor response to treatment as indicated in this 
study. However, ADCperf  was calculated from ADClow by 
excluding high b value effects; it would be more perfusion 
sensitive. In this study, for instance, strikingly reduced 
perfusion in response to treatment was detected with AD-
Cperf  at 4 h, but not with ADClow for both the ZDTHA 
and ZD6126 groups compared to the control group. 
Furthermore, the reduction of  ADCperf in ZDTHA was 
even lower; this indicated a more pronounced decrease 
in blood perfusion induced by ZDTHA. The ADCperf  of  
ZDTHA still showed a lower level compared to ZD6126 
on day 2, although there was no significant difference. 
This could be explained by the fact that besides the vas-
cular shutdown effect of  ZD6126, thalidomide may also 
induce a transient normalization of  tumor vasculature 
via aggressive vascular pruning and improve pericyte 
coverage on vessels. As a result, tumor perfusion was 
reduced[20,21]. Our results indicated that ADCperf  allowed 
the early monitoring of  therapeutic effects, because it 
was more sensitive to the microcapillary perfusion and 
could detect perfusion in response to therapy before the 
appearance of  tumor necrosis without the administration 
of  contrast media. 

Similarly, such a significant perfusion reduction at 
4 h was also detected with ADCall in both the ZDTHA 
and ZD6126 groups, however, this was not observed for 
ADChigh, compared to the control group. The reason is 
that ADCall was derived from 10 b values including low 
and high b values; consequently it was affected by both 
diffusion and perfusion in the tumor. Even though, the 
perfusion change measured with ADCall was not as strik-
ing as that noted with ADCperf  due to the influence of  
diffusion contribution. Despite the delayed growth and 
the massive central necrotic areas in both the ZDTHA 
and ZD6126 groups, tumors began to relapse evidenced 
by the recovery of  tumor ADCperf  and ADClow, as well as 
the enhanced rim visualized on CE-T1WI, due to residue 

viable tumor cells on day 2 after therapy. These results 
are consistent with previous findings[18,22]. However, 
ZDTHA demonstrated significantly less tumor relapse 
than ZD6126, suggesting the benefit of  applying the 
combination therapy.

It remains controversial regarding the option of  
mono- or biexponential model in extracting diffusion 
and perfusion information from DWI data. Because each 
model has its own advantages and drawbacks[15,23]. As a 
pioneering work in the mid-1986s, Le Bihan et al[24,25] pro-
posed the concept of  IVIM to address the microscopic 
movements in image voxel in MRI. In biologic tissue, the 
motions include the molecular diffusion of  water and the 
microcirculation of  blood or capillary perfusion. With the 
biexponential model of  IVIM, the fraction of  capillary 
perfusion can be separated from diffusion. Therefore, 
there is growing studies using IVIM from DWI data[26-29]. 
However, the clinical benefit of  the biexponential model 
as compared to the monoexponential model has not been 
comprehensively established[10,15]. Our study supports that 
the ADChigh values are similar to the diffusion coefficient 
derived from IVIM model. The separate calculations of  
ADCall, ADChigh, ADClow and ADCperf using a monoexpo-
nential fitting algorithm are relatively simple to estimate 
and are readily available for most users of  clinical MR 
scanners. However, a lack of  direct comparison of  diffu-
sion parameters derived from mono- and biexponential 
model may be a limitation of  the present study.

In conclusion, we have demonstrated that ZDTHA 
combination treatment significantly delayed tumor 
growth due to synergistic effects by inducing cumulative 
tumor necrosis. The perfusion insensitive ADChigh values 
calculated from high b value images performed signifi-
cantly better than ADCall values for the monitoring of  
tumor necrosis. The perfusion sensitive ADCperf  values 
derived from ADClow by excluding high b value effects 
could provide valuable perfusion information from DWI 
data. Therefore, the in vivo separate calculations of  ADC 
values derived from monoexponential model are more 
useful than conventional averaged ADC values in the 

Table 1  Average apparent diffusion coefficient of entire tumor before and after treatment (mean ± SD)

Group and time ADCall (× 10-3 mm2/s) ADChigh (× 10-3 mm2/s) ADClow (× 10-3 mm2/s) ADCperf (× 10-3 mm2/s)

ZD6126
   Pre 0.90 ± 0.10 0.68 ± 0.16 1.98 ± 0.75 1.30 ± 0.74
   4 h 0.86 ± 0.13 0.73 ± 0.12 1.54 ± 0.87 0.81 ± 0.70
   2 d 1.40 ± 0.22 1.13 ± 0.21 2.28 ± 0.54 1.15 ± 0.52
ZDTHA
   Pre 0.95 ± 0.08 0.70 ± 0.15 1.25 ± 0.87 1.22 ± 0.77
   4 h 0.85 ± 0.08 0.77 ± 0.11 1.21 ± 0.59 0.44 ± 0.50
   2 d 1.54 ± 0.21 1.31 ± 0.19 2.28 ± 0.37 0.97 ± 0.36
Control
   Pre 0.91 ± 0.04 0.77 ± 0.07 1.82 ± 0.39 1.06 ± 0.37
   4 h 0.98 ± 0.11 0.85 ± 0.09 1.76 ± 0.79 1.01 ± 0.80
   2 d 1.00 ± 0.06 0.95 ± 0.08 1.90 ± 0.24 1.06 ± 0.27

Pre: Pretreatment; ZD: ZD6126; ZDTHA: ZD6126 + thalidomide; ADC: Apparent diffusion coefficient; ADCall: Calculated from the entire b value setting (b = 
0, 50, 100, 150, 200, 250, 300, 500, 750, 1000 s/mm2); ADChigh: calculated from the high b values (b = 500, 750, 1000 s/mm2); ADClow: Calculated from the low b 
values (b = 0, 50, 100 s/mm2); ADCperf: Calculated from ADClow-ADChigh. 
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successful evaluation of  tumor therapeutic effects.

COMMENTS
Background
Diffusion weighted magnetic resonance imaging (DW-MRI), due to its ability to 
detect molecular water motion at the cellular level, i.e., the measurement of ap-
parent diffusion coefficient (ADC), has become a favorite choice of measures in 
a variety of oncological studies and tissue viability assessments.
Research frontiers
Technological innovations in recent years have enabled the increasing use of 
high-quality and quantitative DW-MRI in monitoring tumor treatment. However, 
it has been realized that the information acquired from conventional calculation 
of DW-MRI data actually represents the combined effects of tissue microcircu-
lation perfusion and pure tissue diffusivity in each imaging voxel at DW-MRI. 
This may hinder the appropriate interpretation of the DW-MRI data. Therefore, 
there is growing interest in applying more sophisticated approaches, such as 
separate ADC (calculating different ADC values based on various combinations 
of b values with a monoexponential fitting algorithm) and intravoxel incoherent 
motion, to differentiate the fraction of microcirculation perfusion from pure dif-
fusivity within the DW-MRI data.
Innovations and breakthroughs
The combination therapy with ZD6126 and thalidomide significantly delayed 
liver tumor growth due to synergistic effects by inducing cumulative tumor 
necrosis in rodents. The ADChigh performed significantly better than ADCall for 
the monitoring of tumor necrosis on day 2. The ADCperf could better reflect the 
reduction of blood flow due to the vessel shutdown induced by ZD6126, com-
pared to the ADClow. The ADCperf could provide valuable perfusion information 
from diffusion weighted MRI data.
Applications
The separate calculation of ADC is more useful than conventional averaged 
ADC in evaluating the efficacy of combination therapy with ZD6126 and thalido-
mide for solid tumors.
Terminology
DW-MRI is an in vivo imaging technique to detect molecular water motion at the 
cellular level by using the ADC parameter. Separate ADC measurement is to 
calculate the different ADC values based on various combinations of b values 
with a monoexponential fitting algorithm.
Peer review
The authors present ADC is more useful than conventional averaged ADC in 
evaluating the efficacy of combination therapy with ZD6126 and thalidomide 
for solid tumors. It would be of interest to perform the same study in a vascular 
tumor such as infantile hemangioma or a malignant vascular tumor such as 
angiosarcoma or hemangiopericytoma. 
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