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Hepatocellular carcinoma (HCC) has the third highest mortality rate worldwide 
among cancers (1). Although the 5-year survival rate can reach up to 70% of HCC 
patients by surgical operation, only less than 30% are suitable for surgery. Transar-

terial chemoembolization (TACE) treated tumors can stimulate angiogenesis and require 
repeated treatment (2). As HCC is generally hypervascular, vascular targeting strategies can 
be used to improve the 5-year survival rate (3). 

There are two kinds of tumor vascular targeted agents (4): angiogenesis inhibitors 
(AIs) and vascular disrupting agents (VDAs). AIs can prevent the formation of new blood 
vessels by inhibiting angiogenesis. VDAs can damage the tumor endothelium directly, 
shutdown vascular development rapidly and selectively and cause tumor cell ischemia; 
tumor vascular shutdown occurs within 1 h of administration, and lasts for 24 hours (5, 
6). Combretastatin A-4-phosphate (CA4P) is a new-style VDA that progressed into clinical 
trial stage (7–9).

The vascular disrupting effects of VDAs can be assessed by microvessel density (MVD), 
which is the “gold standard” measurement to evaluate angiogenesis. However, the invasive-
ness of MVD measurement limits its use (10).

PURPOSE 
The present work aims to evaluate whether dynamic contrast-enhanced magnetic resonance 
imaging (DCE-MRI) can monitor the blocking effect of combretastatin-A4-phosphate (CA4P) 
on microvessels and assess the therapeutic efficacy. 

METHODS
Forty rabbits were implanted VX2 tumor specimens. Two weeks later, serial MRI (T1-weighted 
imaging, T2-weighted imaging, and DCE) were performed at 0 h, 4 h, 24 h, 3 days, and 7 days 
after CA4P (10 mg/kg) or saline treatment. The parameters of DCE (Ktrans, Kep, Ve and iAUC60) en-
hancement of tumor portions were measured. Then all tumor samples were stained to count 
microvessel density (MVD). Finally, two-way repeated measures ANOVA was used to analyze 
the difference between and within groups. Correlation between the DCE parameters and 
MVD was analyzed by using the Pearson correlation and Spearman rank correlation.

RESULTS
Ktrans and iAUC60 values at 4 h after CA4P treatment were significantly lower than those in the 
control group (D-value: -0.133 min-1, 95%CI: -0.169 to -0.097 min-1, F= 59.109, p < 0.001 for 
Ktrans; D-value: -10.533 mmol/s, 95%CI: -17.147 to -3.919 mmol/s, F= 11.110, and p = 0.003 for 
iAUC60). In the CA4P group, Ktrans and iAUC60 reached the minimum values at 4 h, and both 
parameters showed significant difference between 4 h and other time points (all p < 0.01). 
Seven-day values of Ktrans (r=0.532, p = 0.016 and r=0.681, p = 0.001, respectively) and iAUC60 
(r=0.580, p = 0.007 and r=0.568, p = 0.009, respectively) showed correlation with MVD in both 
groups, while Kep and Ve did not show correlation with MVD (p > 0.05). 

CONCLUSION
The blocking effect of microvessels after CA4P treatment can be evaluated by DCE-MRI, and 
the parameters of quantitative Ktrans and semi- quantitative iAUC60 can assess the change in 
tumor angiogenesis noninvasively. 
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During the development of targeted 
treatments, imaging plays an important 
role in monitoring the treatment efficacy 
against malignant tumors (11). Although 
change in tumor size may not be a reliable 
method to measure treatment efficacy, 
plenty of imaging sequences have been 
developed to overcome the drawbacks 
of traditional efficacy assessments by size 
measurement (12–14).

DCE-MRI could reflect the microvascular 
structure and function indirectly, noninva-
sively and quantitatively, and it has been 
widely applied to predict and evaluate the 
treatment response (15). DCE-MRI is expect-
ed to be useful in evaluating early vascular 
disrupting efficacy after CA4P administra-
tion. But studies focusing on the changes 
of DCE parameters at different time points 
after CA4P administration in the VX2 rabbits 
have been scarce (16–18). The VX2 liver tu-
mor is supplied by liver artery which is simi-
lar with high-grade human HCC, and can be 
used to simulate the microenvironment of 
human HCC (19).

In this study, we aimed to investigate 
whether quantitative parameters in DCE-
MRI can monitor the change in microvas-
culature of liver tumors at different time 
points after CA4P treatment.

Methods
This study was approved by the ethics 

committee of the local institution and com-
plies with the guidelines for use of laborato-
ry animals in Fudan university (Laboratory 
Animal Use License: SYXK 2013-0087). 

VX2 liver tumor model
Tumor-bearing rabbits weighed between 

2.2 and 2.8 kg. The VX2 tumor cells recov-
ered from liquid nitrogen were injected into 
the hind limb muscles to build the models. 
Once the size of the tumor reached about 
3 cm, they were removed by aseptic opera-
tion and incised into 1–2 mm3 cubes. Zoletil 

50 (tiletamine hydrochloride zolazepam 
hydrochloride, Virbac S.A, 5 mg/kg) was in-
jected into muscles to sedate the 40 New 
Zealand white rabbits. Then, the tumor tis-
sue were implanted in the left lobe of the 
liver by percutaneous puncture under CT 
guidance. Finally, 29 VX2 liver tumor mod-
els were built successfully.

Experimental protocol
The rabbits models were divided into 

CA4P and control groups (20 rabbits per 
group). Fosbretabulin disodium (combret-
astatin A4 phosphate, Target Mol, 10 mg/
kg) (20) or saline was administered to the 
rabbits by ear marginal vein injection after 
baseline MRI; follow-up MRI scans were per-
formed at 4 h, 24 h, 3 days, and 7 days after 
CA4P or saline administration. All rabbits 
were euthanized at the end of the experi-
ment.

MRI acquisition
After 2 weeks, imaging was performed 

using a 3.0 T MRI scanner (Magnetom Sky-
ra, Siemens Healthineers) with a special coil 
for rabbits (CG-RBC18-H300-AS, Shanghai 
Chen Guang Medical Technologies Com-
pany Limited). Liver tumor models were 
deemed successful based on the following 
criteria: mass located in the left lobe of liver; 
necrosis <30%; average diameter of approx-
imately 2 cm. Rabbits were sedated and 
kept in a supine position. A deep anesthetic 
was administered and medical towels were 
wrapped around the abdomen of rabbits to 
reduce the influence of free breathing.

The basic sequence and T1 map was 
acquired first. Then, five frames of unen-
hanced images were acquired, following 
1 mL Gd-DTPA (at a dose of 0.2 mmol/kg 

body weight) injected into the left or right 
marginal ear vein with a bolus of 2 mL/s 
by the automated injector (C1213D005X, 
Mallinckrodt). A total of 60 measurements 
were acquired. Table 1 shows the scanning 
protocols of MRI.

Image analysis
The DCE images were analyzed by Tis-

sue4D workstation (software based on the 
Tofts model, syngo multimodality work-
place, Siemens), according to the following 
model equation (21):

Ct(t) = Ktrans ⌠ Cp(τ)e–kep(t–τ) dτ

where Ct(t) is the agent concentration at 
the time t, and Cp(t) is the plasma volume of 
the agent. Ktrans is the volume transfer con-
stant between the plasma and the extracel-
lular extravascular space (EES); Kep is the rate 
constant from the EES to the plasma; Ve is 
the fraction of the plasma volume; iAUC60 
is the dose of the agent taken up by the tu-
mor from injection point until 60 seconds.

The above DCE parameters were mea-
sured by two radiologists, who were blind-
ed to the experimental allocation. ROIs 
were manually drawn on the obvious en-
hancement areas of the largest slice and the 
size were about 20 pixels, excluding septa 
and vessels. Then, the mean values of Ktrans, 
Kep, Ve and iAUC60 derived from color-cod-
ed parametric maps were obtained. At the 
same time, we got the volume of the tumor 
based on the largest slice of T2-weighted 
image, according to the formula: V=( length 
× width2)/2, where length represents the 
largest dimension of the tumor, and width 
represents the widest diameter perpendic-
ular to the length (22).

vMain points

• DCE-MRI might be used to monitor the effica-
cy of CA4P at early time points.

• DCE-MRI parameters (Ktrans and iAUC60) can 
produce significant changes at 4 h, and there 
are still differences at 7 days after CA4P treat-
ment.

• Ktrans and iAUC60 can indirectly monitor the 
microvessels of the tumor both in the treat-
ment group and the control group.

Table 1. List of MRI scanning parameters

T1WI T2WI T1-MAP DCE-MRI

Sequence type GRE TSE VIBE VIBE

Flip angle (°) 70° 145° 6° 15.0°

Field of view (mm) 164 120 120 120

TR/TE (ms) 170/2.24 4000/98 4.70/1.78 4.70/1.78

Number of averages 1 5 1 1

Thickness (mm) 3.0 3.0 3.0 2.50

Slices 22 20 20 20

Acquisition time (min:s) 0:39 3:26 0:10 10:16

T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; T1-MAP, T1 mapping sequence; DCE-MRI, dynamic con-
trast-enhanced magnetic resonance imaging; GRE, gradient recalled echo; TSE, turbo spin echo; VIBE, volumetric 
interpolated breath-hold examination; TR, repetition time; TE, echo time.



Histologic analysis
All the rabbits were euthanized after the 

last MRI scanning. The tumor specimens 
were fixed in 10% formalin, and embedded 
in paraffin, then sectioned into 5 μm slides 
and stained with hematoxylin-eosin-saffron 
and CD31 (Abcam).

Microvessels were counted using light 
microscopy (Leica, DM2500) by an experi-
enced pathologist with more than 8 years of 
experience, who was blinded to the experi-
mental assignment. First, a hot spot indicat-
ing higher vessel areas was selected at low 
magnification (×40), which was matched 
with the enhancement areas of DCE-MRI im-
ages. Then five areas were chosen to count 
the MVD at high magnification (×200). And 
finally the average MVD was calculated.

Statistical analysis
We used the SPSS Statistics software 

(Version 23.0, IBM) to analyze the data. Sha-
piro-wilk test was used to assess normal dis-
tribution. Data were presented as mean ± 
standard deviation (SD) for normal distribu-
tion, while median (min–max) was given for 
non-normal distribution. Two-way repeated 
measures ANOVA was used to analyzed the 
difference between and within groups. The 
correlations between parameters of DCE-
MRI (Ktrans, Kep, Ve and iAUC60 value) and 
MVD were quantified with Pearson correla-
tion coefficient and Spearman rank correla-
tion. A p value of < 0.05 was considered to 
be statistically significant.

Results
Most of the data fulfilled the normal dis-

tribution, except Ktrans of 7 days (p = 0.006), 
Ve of 4 h (p = 0.006), and Ve of 24 h (p = 0.007) 
in the control group, with the remaining p 
values >0.05.

At baseline, 4 h, 24 h, 3 days, and 7 days, 
the mean tumor volumes were 259.3±49.9 
mm3 , 264.5±49.2 mm3, 336.6±46.9 mm3, 
416.6±46.5 mm3, 484.3±38.5 mm3 in the 
CA4P group. In the control group, the av-
erage tumor volumes were 272.3±34.7 
mm3, 313.6±50.5 mm3, 357.2±51.7 mm3, 
445.9±18.8 mm3, 516.9±71.6 mm3. The 
growth trend of tumors in the CA4P group 
was slower than that in the control group, 
but the volumes of the two groups did not 
show significant difference at different time 
points (p = 0.570, p = 0.10, p = 0.390, p = 
0.160, and p = 0.180). 

Two weeks after implantation, the tumor 
with irregular margin located in the left lobe 

was found, which showed hypointensity on 
T1-weighted image and slight hyperintensi-
ty on T2-weighted image (Fig. 1).

In our study, ring-enhancement of the rim 
appeared in DCE imaging in both groups. 
The time-signal intensity curve (TIC) of the 
lesion was type III, which showed a rapid 
uptake followed by reduction in enhance-
ment, the normal tissue was in accordance 
with type II curves, which showed a gentle 
ascent initially followed by a plateau (Fig. 1).

Most data fulfilled normal distribution, 
except the Ktrans of 7 days (p = 0.006), the Ve 
of 4 h (p = 0.006), and the Ve of 24 h (p = 
0.007) in the control group; all the remain-
ing p values were >0.05. At 4 h, the Ktrans and 
iAUC60 in the treatment group were lower 
than the values in the control group (D-val-
ue: -0.133 min-1, 95%  CI: -0.169 to -0.097 
min-1, F= 59.109, p < 0.001 of Ktrans; D-value: 
-10.533 mmol/s, 95%  CI: -17.147 to -3.919 
mmol/s, F= 11.110, p = 0.003). Kep and Ve 
did not show significant differences (p = 

0.712 and p = 0.937). At other time points, 
the parameters did not show any significant 
differences (all p > 0.05) (Table 2 and Fig. 2).

The Ktrans and iAUC60 of the treatment 
group showed an obvious trend of “de-
crease-increase”. Moreover, the values of 
Ktrans and iAUC60 rapidly decreased at 4 h 
and slowly increased at 24 h, 3 days, 7 days. 
There were significant differences between 
4 h and other time points for Ktrans and 
iAUC60 in the treatment group (p = 0.001, 
p = 0.004, p = 0.001 and p < 0.001 for Ktrans, 
p = 0.003, p = 0.023, p < 0.001 and p < 0.001 
for iAUC60). Kep and Ve values did not show 
this characteristic (all p = 1.000) (Tables 3–5 
and Fig. 2).

The tumor appeared to have a fish-like 
form by naked eye. On H&E staining, the via-
ble tissues were distributed in the periphery 
with large and hyperchromatic nuclei, and 
some coagulative necrosis accompanied 
with a lot of inflammatory cells could be 
seen in the treatment group (Figs. 3 and 4). 
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Table 2. DCE-MRI quantitative parameters at different time points between the treatment group 
and the control group

Parameters Time points Treatment group Control group p

Ktrans Baseline 0.327±0.106 0.339±0.085 0.639

4 hours 0.217±0.078 0.349±0.070 <0.001

24 hours 0.323±0.113 0.353±0.082 0.311

3 days 0.329±0.093 0.341±0.077 0.666

7 days 0.385±0.081 0.355 (0.240–0.450) 0.197

Kep Baseline 0.589±0.132 0.597±0.135 0.862

4 hours 0.574±0.143 0.558±0.150 0.712

24 hours 0.590±0.148 0.563±0.125 0.534

3 days 0.587±0.131 0.574±0.118 0.704

7 days 0.601±0.102 0.581±0.162 0.635

Ve Baseline 0.600±0.213 0.589±0.115 0.821

4 hours 0.578±0.197 0.573 (0.390–0.910) 0.937

24 hours 0.579±0.149 0.586 (0.390–0.950) 0.871

3 days 0.592±0.129 0.584±0.143 0.842

7 days 0.586±0.136 0.606±0.120 0.684

iAUC Baseline 33.118±12.094 32.147±8.286 0.778

4 hours 22.404±6.670 32.936±9.551 0.003

24 hours 29.419±10.300 33.698±7.959 0.131

3 days 30.907±8.958 35.801±8.039 0.102

7 days 37.225±8.625 37.865±9.763 0.805

Data were presented as mean ± standard deviation (SD) for normal distribution, median (min–max) for non-nor-
mal distribution. 
Bonferroni post hoc test was used and p < 0.05 was considered statistically significant. 
DCE-MRI, dynamic contrast-enhanced magnetic resonance imaging; Ktrans, volume transfer constant; Kep, reflux 
rate constant; Ve, volume fraction of the extravascular extracellular space; iAUC, initial area under the contrast 
concentration-time curve.  
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MVD was counted according to Weidner et 
al. (23). Any CD31 positive endothelial cells 
or clusters or branches were considered as 
individual microvessels, except for the large 

vessels with more than eight red blood cells 
in the lumen. More stained blood vessels 
could be seen in the control group than in 
the treatment group (Figs. 5 and 6).

In the treatment group, Ktrans and iAUC60 
of the viable tissues at 7 days showed a 
positive correlation with MVD (r=0.532, p = 
0.016 for Ktrans, r=0.580, p = 0.007 for iAUC60, 
respectively), whereas Kep and Ve did not 
show a correlation with MVD (r= -0.371, p = 
0.108 for Kep, r= -0.055, p = 0.818 for Ve, re-
spectively) (Fig. 7).

In the control group, Ktrans and iAUC60 of the 
viable tissues at 7 days also showed a positive 
correlation with MVD (r=0.681, p = 0.001 for 
Ktrans, r=0.568, p = 0.009 for iAUC60, respective-
ly), while Kep and Ve did not show a correlation 
with MVD ( r= -0.416, p = 0.068 for Kep, r=0.336, p 
= 0.148 for Ve, respectively) (Table 6 and Fig. 7).

Discussion
The present work demonstrated that 

DCE-MRI is able to monitor noninvasively 
the blocking effect on microvessels after 
CA4P administration in the early stage, and 
there is positive correlation between two 
quantitative parameters of DCE-MRI (Ktrans 
and iAUC60) and MVD. 

Figure 1. Representative T1-weighted, T2-weighted, DCE, and TIC imaging at different time points. The VX2 liver tumors appears hypointense on T1-
weighted image and hyperintense on T2-weighted image with a spherical or oval shape, and the ring enhancement of the rim appears in DCE imaging 
(arrow). The TIC demonstrates rapid increase in signal intensity of the tumor (ROI 1, red), and the peak intensity is higher than that of the normal tumor (ROI 
2, green). Ktrans, Kep, Ve and iAUC60 values were measured during the imaging.

Figure 2. Serial measurements of the Ktrans, Kep, Ve and iAUC60 in both groups at different time points. 
Ktrans and iAUC60 showed rapid decrease at 4 h and slow increase at 24 h, 3 days, and 7 days. This 
characteristic did not exist in the values of Kep and Ve.



MRI is the common method for noninva-
sive monitoring of treatment efficacy (24, 25). 
Quantitative analysis on DCE-MRI, based on 
higher neoangiogenesis and vascular perme-
ability in malignant lesions and a pharmaco-
kinetic model and microcirculation parame-

ters (26), has been widely used in assessment 
of antivascular treatments (27, 28). 

CA4P is the prototypical member of the 
combretastatin class and is the first VDA to 
enter clinical trials (9, 29). CA4P depolymer-
izes the microtubules of endothelial cells, 

leading to endothelial cell detachment from 
the blood vessels, changes in tumor vascu-
lar morphology, and blockage of the vascu-
lar lumen. This pathological mechanism has 
quick effect, is persistent over a short time, 
and the microenvironmental changes pre-
date the morphological changes. 

With the development of vascular target-
ed therapies, multiple acquisitions of the 
tumor perfusion data are necessary to find 
the best onset time and to guide the sub-
sequent treatment (30). The retention prob-
lem of the agent in kidney is often men-
tioned during DCE acquisition, especially 
in patients with poor kidney function. CA4P 
could improve the retention of Gd-DTPA in 
the tumor (31) and reduce the excretion 
from kidney, which is important for clinical 
outcome.

Response Evaluation Criteria in Solid 
Tumors (RECIST) as the traditional criteria 
for cancer treatment cannot be used to 
measure tumor response to CA4P. This is 
mainly because all tumors showed growth, 
even in the treatment groups treated with 
CA4P, indicating progressive disease. These 
results have been predicted, as CA4P is not 
expected to reduce tumor size, in contrast 
to conventional chemotherapy, and VX2 tu-
mors are known to grow aggressively. The 
rim of the tumor showed weaker response 
than the center, which made the rim of the 
tumor thicker, probably increasing tumor 
volume. However, the specific mechanism 
of the phenomenon remains unclear (32).

There are three types of TIC (33). Type I 
was defined as mild ascent without a pla-
teau, Type II was described as gentle ascent 
initially followed by a plateau and Type III 
as relatively rapid uptake followed by re-
duction in enhancement. In our study, all 
viable tumor tissue presented a type III TIC. 
The method was described by Kuhl et al. 
(34). They reported a diagnostic accuracy 
of 86% for the Type III curves in diagnosing 
malignant breast lesion. Malek et al. (26) 
got the same conclusion that Type III TIC 
confirmed the malignancy tumor of adnex-
al masses. 
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Figure 3. Hematoxylin-eosin (H&E) staining in the 
treatment group (magnification ×200). Irregular 
cell morphology and deeply stained nuclei were 
seen in the viable portions of the tumor. Some 
coagulative necrosis accompanied by a lot of 
inflammatory cells can also be seen.

Figure 4. H&E staining in the control group 
(magnification ×200). Large and hyperchromatic 
nuclei were seen in the tumor.

Figure 5. Immunohistochemical anti-CD31-
stained tumor section in the treatment group 
(magnification ×200). CD31-positive vessels 
appear brown.

Figure 6. Immunohistochemical anti-CD31-
stained tumor section in the control group 
(magnification ×200). Endothelial cells appear 
brown. More stained blood vessels can be seen in 
the control group than in the treatment group.

Table 3. Repeated measure ANOVA of Ktrans and iAUC

Time*Group effect Time effect Group effect in the control group Group effect in the CA4P group

F p F p F p F p

Ktrans F(4, 76)= 5.818 <0.001 F=59.109 <0.001 F(4, 76)= 0.251 0.908 F(2.272, 43.163)= 11.512 <0.001

iAUC F(4, 76)= 8.573 <0.001 F=11.110 0.003 F(4, 76)= 0.326 0.018 F(2.806, 53.320)= 10.346 <0.001

p < 0.05 is considered statistically significant.

Table 4. Repeated measure ANOVA of Kep and Ve

Time*Group effect Time effect Group effect

F p F p F p

Kep F(2.718, 51.645)= 0.122 0.935 F(1.749, 33.234) = 0.446 0.618 F(1, 19)= 0.043 0.837

Ve F(2.257, 42.877)= 0.253 0.803 F(2.064, 39.212) = 0.045 0.960 F(1, 19)= 0.457 0.507

p < 0.05 was considered statistically significant.
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In the CA4P group, Ktrans and iAUC60 val-
ues at 4 h were significantly lower than 
those before treatment, and then gradually 
increased. There were significant differenc-
es between 4 h and other time points (p < 
0.05), which demonstrated that DCE-MRI 
quantitatively reflected the blockage of tu-
mor blood vessels. Meanwhile, our findings 
provide an explanation for the mechanism 

of CA4P (35). CA4P has a strong blocking 
effect on tumor blood vessels within 12 
hours after administration, which is pro-
portional to the concentration of CA4P in 
blood. The specific intensity of the effect 
needs to be further studied through hemo-
dynamic studies combined with imaging 
examinations at different time points. Our 
previous research (12) also demonstrated 

that Ktrans and iAUC60 can be used to eval-
uate the effectiveness after treatment. A 
study by Park et al. (36) showed a similar 
result. Other previous studies obtained 
different results. Wu et al. (25) conclud-
ed that Ktrans, Kep, and iAUC60 can monitor 
radiotherapy-induced tissue changes in 
localized prostate cancer. Liang et al. (28) 
found that CD31 positive staining rate had 

Table 5. D-values of the average values (95% CI) and p values of Ktrans and iAUC in the treatment group at different time points

Parameter

D-values of the average values (95% CI)

4 hours 24 hours 3 days 7 days

Ktrans

Baseline 0.111* (0.041 to 0.181) 0.005 (-0.100 to 0.109) -0.002 (-0.109 to 0.105) -0.057 (-0.161 to 0.047)

4 hours -0.106* (-0.184 to -0.028) -0.113* (-0.185 to -0.041) -0.168* (-0.243 to -0.093)

24 hours -0.007 (-0.063 to 0.049) -0.062 (-0.135 to 0.011)

3 days -0.055* (-0.098 to -0.012)

7 days

iAUC

Baseline 10.714* (3.143 to 18.286) 3.698 (-5.492 to 12.889) 2.210 (-7.276 to 11.696) -4.107 (-14.045 to 5.831)

4 hours -7.016* (-13.361 to -0.671) -8.504* (-13.396 to -3.613) -14.821* (-22.252 to -7.391)

24 hours -1.488 (-6.682 to 3.706) -7.805* (-15.516 to -0.095)

3 days -6.317 (-12.827 to 0.192)

7 days

Ktrans, volume transfer constant; Kep, reflux rate constant; Ve, volume fraction of the extravascular extracellular space; iAUC, initial area under the contrast concentration-time 
curve; CI, confidence interval. 
* p < 0.05, which is considered statistically significant.

Figure 7. Scatter plot shows the correlation between the Ktrans, Kep, Ve and iAUC60 values at 7 days and MVD in both groups. A linear relationship was 
observed between Ktrans, iAUC60 and MVD (r= 0.532, p = 0.016 for Ktrans, r= 0.580, p = 0.007 for iAUC60, in the treatment group; r= 0.681, p = 0.001 for Ktrans, 
r= 0.568, p = 0.009 for iAUC60, in the control group).



the strongest correlations with Ktrans val-
ues, followed by AUC180, Ve and Kep values 
after bevacizumab treatment. Moreover, 
they concluded that DCE-MRI is useful 
for monitoring tumor microenvironment 
changes during anti-angiogenesis therapy. 
It is largely due to the nuance of different 
therapy method and the lack of standard-
ization in the field may be one reason. 

The Ktrans and iAUC60 of the viable tissues 
of the control groups showed a positive cor-
relation with MVD, which showed that Ktrans 
and iAUC60 were correlated with angiogen-
esis. The same conclusion was drawn in the 
treatment group as well, which indicated 
that Ktrans and iAUC60 also represented the 
microvascular changes after CA4P adminis-
tration. A similar conclusion had also been 
found in other reports (37, 38). At the same 
time, in previous studies, there have been 
controversial conclusions. A study of HCC 
patients (38) showed that Kep and Ve were 
significantly related with tumor MVD. A sig-
nificant correlation between Ktrans, Kep and 
MVD on day 21 after the rats brain glioma 
models built was found by Hou et al. (40). 
The reasons are still unclear for these argu-
ments, but one potential explanation is the 
difference in tumor type (41).

There are limitations to this study. First, for 
the selection of ROI, only the axial imaging of 
the tumor was measured, which is not repre-
sentative of the whole tumor. Second, since 
the histologic features were only evaluated 
at 7 days after treatment, the histologic find-
ings of early times, such as 4 hours after CA4P 
treatment, were not assessed. Third, there 
was potential bias due to the limited number 
of animals in each group. The correlation be-

tween pathology findings and MRI parame-
ters still requires more research.

In conclusion, our animal study suggests 
that DCE-MRI might be used to monitor 
the tumor response of CA4P at early time 
points. The DCE-MRI parameters (Ktrans and 
iAUC60) can produce significant changes at 
4 h, and there are still differences at 7 days 
after CA4P treatment, which is important 
for clinical outcome. Therefore, DCE-MRI 
may be a promising tool for monitoring the 
CA4P effect. 
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