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A novel approach to monitoring the
efficacy of anti-tumor treatments in animal
models: combining functional MRI and
texture analysis
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Abstract

Background: The aim of this study was to evaluate the early anti-tumor efficiency of different therapeutic agents
with a combination of multi-b-value DWI, DCE-MRI and texture analysis.

Methods: Eighteen 4 T1 homograft tumor models were divided into control, paclitaxel monotherapy and paclitaxel
and bevacizumab combination therapy groups (n = 6) that underwent multi-b-value DWI, DCE-MRI and texture
analysis before and 15 days after treatment.

Results: After treatment, the tumors in the control group were significantly larger than those in the combination
group (P = 0.018). In multi-b-value DWI, the ADCslow obviously increased in the combination group compared to
that in the others (P < 0.01). The f increased in the control and paclitaxel groups, but the combination group
showed a significant decrease versus the others (P < 0.02). Additionally, in DCE-MRI, the decreasing Ktrans showed an
evident difference between the combination and control groups (P = 0.003) due to the latter’s increasing Ktrans. The
intra-group comparisons of tumor texture in pre-, mid- and post-treatments showed that the entropy had all
significantly increased in all groups (P < 0.01, SSF = 0–6), though the MPP, mean and SD increased only in the
combination group (PMPP,mean,SD < 0.05, SSF = 4–6). Moreover, the inter-group comparisons revealed that the mean
and MPP exhibited significant differences after treatment (Pmean,MPP < 0.05, SSF = 0–3).

Conclusion: All these results suggest some strong correlations among DWI, DCE and texture analysis, which are
beneficial for further study and clinical research.
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Background
Functional magnetic resonance imaging (fMRI) has grown
very rapidly because it provides non-invasive and accurate
imaging, especially its ability to discriminate tissue charac-
teristics. Furthermore, using the characteristics of lesions,
fMRI provides real-time and non-destructive measure-
ments of pathological processes in vivo for early diagnosis
and therapy evaluation. The two types of novel fMRI scan-
ning techniques, multi-b-value diffusion-weighted imaging

(DWI) and dynamic contrast-enhanced MRI (DCE-MRI),
can potentially detect major diseases such as breast cancer.
In general, DCE-MRI has shown high sensitivity in the de-
tection of breast cancer (89–100%) and DWI has shown
utility in predicting proper therapeutic regimens and moni-
toring responses to treatments [1]. Intra-tumoral vascular
heterogeneity is essential for tumor treatments. Accord-
ingly, antiangiogenic therapy is considered a highly promis-
ing new strategy to prevent tumor growth and metastasis.
These two functional MRI techniques are able to measure
the microvascular structure and reflect its permeability [2].
Several qualitative and semiquantitative parameters of
DCE-MRI, ranging from simple semiquantitative inspection
of the time-intensity curves to more sophisticated tracer
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kinetics modeling, can provide information on vascular per-
meability within the tumor [3]. Additionally, the values of
apparent diffusion coefficient (ADC), which are based on
the relative signal intensity change of the tumor tissue with
increasing b values in multi-b-value DWI, can provide
microstructural information at the cellular level. The
changes in the ADC values correlated inversely with the tis-
sue and cell densities [4, 5]. Therefore, these two imaging
methods can potentially be used to monitor and evaluate
the therapeutic effects of antiangiogenic therapy in the early
stages of treatment.
Recent clinical studies show that bevacizumab, a genetic-

ally engineered humanized monoclonal antibody, is very ef-
ficient in curing various tumors because of its anti-VEGF
activity. Bevacizumab can specifically combine with VEGF
and impede the binding of VEGF to VEGFR to inhibit new
vascular formation and suppress tumor growth with low
toxicity [6]. As a control, another commonly used chemo-
therapeutic agent, paclitaxel, can bind to β-tubulin and
stabilize the microtubules to restrain cell mitosis and inhibit
cell proliferation [7]. As noted above, a promising approach
would be to use multi-b-value DWI and DCE-MRI in com-
bination to appraise the anti-angiogenic activity of bevaci-
zumab compared with that of paclitaxel.
To ensure the accuracy of our research, we adopted an

alternative new technique, texture analysis, to analyze and
verify the imaging results. As a new imaging biomarker in-
troduced in oncologic imaging, texture analysis can quan-
tify the regional heterogeneity of a tumor, which is a
recognized feature of malignancy and is associated with
aggressive biology, inferior prognosis and treatment resist-
ance [8]. Therefore, this image processing algorithm can
be used to scan for subtle intra-tumoral anomalies by
assessing the distribution of texture coarseness. The im-
portant texture parameters, including mean intensity,
standard deviation of the gray-level histogram distribu-
tion, entropy (irregularity of gray-level distribution), skew-
ness (asymmetry of the histogram), and kurtosis (flatness
of the histogram) can reflect diverse information ranging
from anatomical structure to biological function [9]. Previ-
ous studies have shown that compared to other imaging
and biological parameters, coarse texture features may re-
flect the underlying vasculature as defined by CD34 [10].
According to this research, it is of value to perform tex-
ture analysis on the functional MRI findings and evaluate
the correlation between the results.

Methods
Animal models
All animal experiments and relevant details were conducted
in accordance with the approved guidelines and were
approved by the committee on Animal Care and Use of
Peking Union Medical College Hospital, Chinese Academy
of Medical Sciences & Peking Union Medical College.

Balb/c-nu mice (female, 6 weeks old, approximately
20 g body weight) were purchased from the Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice were maintained on sterilized food
and water. The murine breast cancer cell line 4 T1 was
obtained from the Cell Bank of the Chinese Academy of
Science (Beijing, China) and maintained in Dulbecco’s
minimum essential medium (DMEM) supplemented
with 10% fetal bovine serum, penicillin (100 units/ml)
and streptomycin (100 units/ml) and incubated at 37 °C
in a 5% CO2 air environment. The breast tumors in the
Balb/c-nu mice were established by subcutaneous inocu-
lation with 3.5 × 106 4 T1 cells in 400 μl PBS.

Treatment
The therapy was initiated after the tumors reached ap-
proximately 150 mm3 in volume. Then, these 4 T1 breast
tumor homograft-bearing mice were randomized into
three groups: control, paclitaxel monotherapy and com-
bination therapy with antiangiogenic bevacizumab (Avas-
tin, Roche, Switzerland) and paclitaxel. All of the mice
were treated with intraperitoneal injections every three
days. Sterile saline was used in the control group with a
volume of 100 μl, and a dose of 10 mg/kg was used in the
paclitaxel monotherapy group. In the combination therapy
group, the mice were treated with the same dose of
10 mg/kg each [11]. The whole treatment process lasted
for 15 days. This study included 18 mice carrying breast
tumor homografts. All of the mice were scanned immedi-
ately prior to the treatment and 15 days after the initiation
of the treatment. All the mice were sacrificed by cervical
dislocation after the last scanning procedure. The tumor
tissues from these three groups were subjected to histo-
pathological analyses of vascularization.

MRI protocol
All MRI examinations were performed on a GE Discovery
MR750 3.0 T horizontal bore superconducting magnet
coupled with a 35 mm diameter small animal coil (GE,
Waukesha, USA). The animals were anesthetized by an in-
traperitoneal injection of 1% pentobarbital sodium with a
volume of 150 μl. Heartbeats and respiration rates were
monitored during the experimentation. The image acquisi-
tion included the routine T2WI, multi-b-value DWI and
DCE-MRI. Multi-b-value DWI was acquired with 11-grade
b values using a spin-echo sequence (0, 20, 50, 100, 200,
400, 600, 800, 1000, 1200, 1500 s/mm2, TR = 2500 ms, TE
= 78 ms, FOV= 50 mm, matrix 64 × 64, slice thickness
1 mm, 11 slices). The DCE-MRI was followed by a
200-phase dynamic series of T1WI 2D FSPGR images with
identical geometry and a temporal resolution of 3 s. To ac-
quire a full range of images, all tumors were imaged with
five coronal slices. Other DCE-MRI parameters were in-
cluded as follows: TR = 9.7 ms, TE = 3.7 ms, FOV= 50 mm,
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matrix 192 × 96, flip angle 30°, slice thickness 2 mm. An
intravenous bolus dose of 0.1 mmol/kg of Gd-DTPA was
given after the 10th baseline data point through a catheter-
ized tail vein tube.
The relevant parameters were measured after MRI ex-

aminations. ADCslow (pure molecular diffusion), ADCfast

(perfusion-related diffusion), and f (perfusion fraction)
were obtained from a bi-exponential IVIM model of
multi-b-value DWI. Pharmacokinetic parameters of CER
(contrast enhancement ratio), Ktrans (transfer rate con-
stant), Kep (reverse rate constant), Ve (extravascular
extracellular volume fraction), fPV (fraction of plasma
volume) and AUC90 (area under curve 90 s) were ob-
tained from a two-compartment model of DCE-MRI.

Texture analysis
The texture parameters were obtained using the advanced
research software algorithm TexRAD, an image-histogram
technique invented at the University of Sussex (United
Kingdom). From the axial T2 weighted images of all ani-
mals, the regions of interest (ROIs) were defined as the
tumor outline in the largest cross-sectional images per-
formed by an experienced radiologist (8 years of experience
in imaging analysis) with manual delineation [12]. The ROI
areas were selected with different spatial scale filter (SSF)
values from 0 to 6 mm to extract MR texture features. SSFs
of 0 and 2 reflect fine texture scales; SSFs of 3, 4, and 5 re-
flect medium texture scales; and an SSF of 6 reflects a
coarse texture scale. The heterogeneity of these tissues was
indicated by the following histogram parameters: mean in-
tensity (the average value of all pixels in ROI), SD (the de-
gree of dispersion between pixels and mean value in ROI.
A high SD indicates that the data points are spread out over
a large range of values.), entropy (irregularity of pixel inten-
sity distribution in ROI), mean value of positive pixels
(MPP, the average value of all the pixels that greater than
zero), kurtosis (a measure of peakedness and tailedness of
the histogram. The positive kurtosis means a histogram
that is more peaked than a Gaussian (normal) distribution.),
and skewness (a measure of asymmetry of the histogram.
The positive skew means that the tail on the right side is
longer than the left side, otherwise, the reverse.) [9, 13].
These quantitative parameters were associated with tumor
histological features, such as blood and oxygen supply, ne-
crosis, and fibrosis [14].

Histopathology
All of the animals were euthanized after the last MRI exam-
ination. Then, the tumors were separated and the tissues
were fixed by 10% formalin. Paraffin sections (2 mm thick)
were acquired from the 4 T1 breast tumors. In addition,
hematoxylin and eosin staining and immunohistochemical
staining of CD31, CD34 and VEGF tests were performed to
evaluate the neovasculature. The immunohistochemical

staining was performed using rabbit anti-CD31 antibody
(ab28364; Abcam, Cambridge, UK), rabbit anti-CD34 anti-
body (ab81289; Abcam) and rabbit anti-VEGF antibody
(ab52917; Abcam). All the antibodies were diluted with tris
buffered saline (TBS), which contains 1% bovine serum al-
bumin (BSA). Based on these tests, the microvessel density
(MVD) in these homografts was calculated.

Statistical analysis
Quantitative parameters as described above were ac-
quired from the functional MRI and analyzed in SPSS
20.0. The data under paclitaxel monotherapy and com-
bination therapy were compared with the control condi-
tion by an analysis of variance. The correlations between
MRI parameters and pathological features data were an-
alyzed by linear regression.
Differences in the textural feature values before and

after treatment within the control group, the paclitaxel
monotherapy group and the combination therapy group
were tested using the Mann-Whitney U test [15].
All of the tests were two-tailed. P values less than 0.05

were considered statistically significant.

Results
Tumor size measurements
The baseline tumor volumes in the control, paclitaxel
monotherapy and combination therapy groups were
192.4 ± 47.7 mm3, 263.7 ± 82.8 mm3 and 195.3 ±
85.2 mm3, respectively, with no significant differences
(P = 0.26). Similarly, the growth of 4 T1-tumors in these
three groups showed no conspicuous differences on day 7
after therapy (control, paclitaxel, paclitaxel with bevacizu-
mab: 156.5 ± 48.7%, 119.3 ± 42.0% and 118.7 ± 48.0%, re-
spectively; P = 0.60). However, after 15 days of therapy, the
measurement results showed that tumors in the control
group were significantly larger than in the combination
therapy group. The tumor volumes reached 652.5 ±
142.8 mm3 with no therapy, and the tumor volumes
reached only 416.2 ± 157.5 mm3 with paclitaxel and beva-
cizumab conjoint therapy (P = 0.018). The mean volume
of the paclitaxel group was 521.2 ± 129.0 mm3. Accord-
ingly, no obvious difference was found between the con-
trol and the paclitaxel monotherapy groups (P = 0.177)
and the distinction between the two treatment groups was
less intuitive (P = 0.055) (Fig. 1).

DWI results
The multi-b-value diffusion-weighted imaging (DWI) after
all the treatments showed increasing trends of the
ADCslow value in these three groups, especially a distinct
increase in the combination therapy group (control: 42.17
± 19.0%, paclitaxel: 53.74 ± 24.16%, combined treatment
group: 118.84 ± 47.59%, P = 0.002). There was a significant
difference between the control and the combination
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treatment groups (P = 0.001), and the same difference was
reflected in the two therapeutic groups (P = 0.008). Regret-
tably, no conspicuous difference was found between the
control and the paclitaxel monotherapy groups
(P = 0.269). Even more remarkably, the perfusion fraction
(f) values showed the opposite behavior. Growth trends in
f values were observed in the control and paclitaxel
groups (control: 36.72 ± 17.47%; paclitaxel: 52.24 ±
36.35%), but the bevacizumab and paclitaxel combination
group showed a decrease (− 25.12 ± 47.39%) on day 15
after the initiation of therapy. These variable trends caused
remarkable distinctions among the three groups
(P = 0.010). Meanwhile, the statistical differences between
the control and combination therapy groups, as well as
between the two therapeutic groups, were highly signifi-
cant (P = 0.013, P = 0.005, respectively). There was no sig-
nificant difference in the f values between the control and
the paclitaxel monotherapy groups (P = 0.671) (Fig. 2).

DCE-MRI results
A comparative analysis of the DCE-MRI results before and
after anti-tumor therapy in the three groups exhibited sig-
nificant differences. The transfer rate constant (Ktrans) values
in the two therapeutic groups showed a significant decrease,
but the control group showed an increase (paclitaxel:-28.8 ±
20.3%; combined treatment group: − 55.42 ± 30.43%; control:
127.37 ± 76.7%; P= 0.016) on day 15 after treatment. Ac-
cordingly, the statistical results were very similar to the DWI
findings. There were significant differences between the con-
trol and combination treatment groups (P= 0.003) or be-
tween the two therapeutic groups (P= 0.044). No significant

difference was detected in the Ktrans values between the con-
trol and the paclitaxel monotherapy groups (P= 0.219). Fur-
thermore, there were no significant differences in the other
parameters among the three groups (Fig. 3).

Texture analysis results
The analysis of tumor texture in pre-, mid- and
post-treatment in these three groups to examine micro-
structural changes and therapy response revealed that the
entropy values were continuously increasing with or with-
out therapy in the three groups and that all the changes
had statistical significance within the groups (P < 0.01 under
all the SSF values from 0 to 6 mm). In addition, the MPP,
mean intensity and SD values showed the same increasing
tendency only in the combination therapy group for
medium and coarse features (SSF = 4, 5, 6). These differ-
ences were statistically significant (PMPP < 0.05, Pmean

< 0.05, PSD < 0.03, respectively) (Table 1).
There were no differences in the mean, SD, entropy or

MPP among the three groups before treatment. With
the implementation of various handling measures, com-
pared to pre-therapy, the mean and the MPP values
under fine and medium features using SSFs of 0, 2 and
3 mm demonstrated significant differences among the
different groups at post-treatment (Pmean < 0.05 and
PMPP < 0.05). However, changes in the other parameters
were not remarkable (Table 2).

Immunohistochemistry results
The histological analysis of the 4 T1 allograft tumors
showed that the combined treatment caused significant

Fig. 1 The tumor growth trends in the three groups. a The axial T2WI images of pre-treatment and after 7- and 15-day treatment with different
therapies. The tumors became larger in the whole process and grew most quickly in the control group, which caused the surrounding organs to
be constricted severely at the end of this trial. However, the combination group showed the slowest growth and the tumors remained relatively
small and shallow in the late phases of treatment. The growth rate in the paclitaxel group was somewhere in the middle. b The percentage
change of the tumor volume. The tumors exhibited nearly linear growth in the control group. There was no significant difference among the
three groups on day 7 after therapy (P = 0.60). However, at the end of treatment, tumor growth was obviously suppressed by paclitaxel with
bevacizumab combined therapy compared to the control group on day 15 (P = 0.018)
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tumor suppression and CD31 immunostaining had a
higher specificity for new vessels than CD34. The quan-
titative analysis of microvessel density (MVD) was
assessed by CD31 and revealed an obvious decrease in
the combination therapy group after 15 days of treat-
ment, which was in sharp contrast to the other two
groups (combined treat group: − 17.61 ± 23.16% vs. con-
trol: 31.39 ± 30.41% vs. paclitaxel: 30.12 ± 27.65%). These
detection results also had significant statistical differ-
ences (combination therapy vs. control/paclitaxel: P =
0.007/P = 0.006). Moreover, the same changing trends in
MVD in the control and paclitaxel monotherapy groups
did not cause significant differences (P = 0.907).
The average optical density of VEGF also showed the

same changes among these groups. Through the com-
bined treatment with bevacizumab and paclitaxel, the
VEGF average optical density decreased (− 13.50 ±

57.25%), but the control and paclitaxel monotherapy
groups exhibited increases (14.20 ± 44.41%, 27.50 ±
96.19%, respectively) (Fig. 4).

Correlation analysis results
To further clarify our research, an association study
was performed with the above results. This analysis
involved comparisons of MVD versus DWI/DCE-MRI,
DWI versus DCE-MRI, and texture analysis versus
DWI/DCE-MRI. The correlation coefficient ‘r’ of the
percentage change of MVD versus Ktrans was 0.612
(P = 0.012), that of MVD versus ADCslow was − 0.810
(P = 0.001), that of MVD versus perfusion fraction (f )
was 0.580 (P = 0.019), that of Kep versus ADCfast was
− 0.593 (P = 0.016), that of ADCslow versus entropy
was − 0.503 (P = 0.047), and that of ADCslow versus
MPP was 0.603 (P = 0.013). In addition, MVD was

Fig. 2 The multi-b-value DWI results in the three groups. a The DWI and ADC map of pre-treatment and after 7- and 15-day treatment
with different therapies. The subcutaneous tumor (white arrow) was implanted near the bladder (red arrow). As seen from the ADC map,
water molecular diffusion was much lower in the tumors (blue) than in the bladder (red). The tumor region always showed lower
diffusion in the control group. However, after 7 days of anti-tumor therapies, the limitations of water diffusion improved in both the
paclitaxel and the combination groups (the tumor central areas showed a slightly higher green signal). Furthermore, this improvement
was more obvious in the combination group after 15 days of treatment. Meanwhile, marked diversities were observed in ADCslow (b)
and perfusion fraction (f) (c) among the three groups before and after treatment. The changing tendencies were derived from ANOVA,
which reflected the variations after 15 days of treatment according to their own separate patterns
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positively correlated with the expression of VEGF
(r = 0.563, P = 0.023) (Fig. 5).

Discussion
In this study, we aimed to develop a practical approach
to assessing the efficacy of early anti-tumor therapy. Pre-
vious studies have shown that angiogenesis can provide
nutrition and oxygen to the tumor and thus plays a vital
role in tumor progression [16]. Tumors grow exponen-
tially when there is a blood vessel involvement, but they
grow slowly and linearly in an avascular environment
[17]. Therefore, anti-angiogenesis has an irreplaceable
function in oncotherapy, and the antineoplastic agents
that target tumor angiogenesis have become a hot re-
search topic in recent years. As the first drug to be ap-
proved by the FDA to inhibit tumor angiogenesis,
bevacizumab is well known for its high affinity in block-
ing angiogenesis induced by VEGF, which can induce
the proliferation and migration of endothelial cells and
increase the permeability of the microvasculature [18].
Normally, the gold standard for evaluating whether a
drug is successful in inhibiting tumor angiogenesis is the
MVD count. However, it is almost impossible to con-
tinuously remove tumor tissue from patients to observe
the real-time efficacy of anti-angiogenesis therapy by cal-
culating the microvessel density in clinical practice. It is
encouraging that our study confirms that this problem
can be solved by a new multi-parameter fusion analysis.

In this preclinical study, we found that many import-
ant imaging parameters were sensitive to different
treatments. After the addition of bevacizumab, the
changes in functional MRI and the texture analysis in
the combination therapy group were very significant
and caused a difference in tumor volume compared to
that in the other groups. DWI has great advantages in
reflecting the microstructure of tissues (high b-value)
and the blood perfusion status (low b-value), especially
its crucial parameter ADC [19, 20]. Therefore, if a
treatment works, the cellular integrity will be dis-
rupted, then the ADCslow value, drawn from high
b-value DWI, will rise due to the enhancement of
water diffusion [21], which is supported by our re-
search findings. With the occurrence of necrosis in
tumor central positions, the ADCslow value slightly in-
creased without any therapy in the control group.
However, when angiogenesis is blocked by bevacizu-
mab, the nutrients needed for tumor growth would be
insufficient and the resulting decrease in cell density
would lead to a substantial increase in ADCslow values.
At the same time, the experimental data show that the
inhibition of cell mitosis by paclitaxel induced cell
density reductions that were inferior to bevacizumab,
but the increase in ADCslow was similar to the control
group. Additionally, the f value assessed blood perfu-
sion directly and showed significant differences in low
b-value DWI between the groups. The results

Fig. 3 The DCE-MRI results in the three groups. a The Ktrans maps derived from DCE-MRI on pre-treatment and after 15-day treatment in the
three groups. As shown in the pictures, the blood supplies of the tumor margins were more abundant (red/green) than the central parts (blue)
before treatment. Nevertheless, some differences emerged over 15 days of handling. The blood supply was more adequate in the control group,
and the other two groups appeared to have nearly opposite distribution tendencies, especially the combination group. The quantitative analysis
results further confirmed these changes and showed striking differences in Ktransb among the three groups before and after treatment. The
changing tendencies were also derived from ANOVA
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contrasted with ADCslow and antiangiogenic therapy
resulted in a significant decrease in the f value 15 days
after therapy initiation, but the other two groups
showed an opposite trend. Moreover, the changes in
the f value exhibited a close association with MVD, but
the changes in ADCslow were strongly negatively corre-
lated with microvessel counts. The very meaningful
relevance of DWI parameters and histological results
are fully consistent with earlier studies showing that
DWI can be used to monitor the early therapeutic ef-
fects of vascular targeting agents [22].

DCE-MRI is the most common technique for
non-invasive evaluations of tissue blood perfusion and is
a valid method for monitoring the effectiveness of a var-
iety of treatments by tracking the pharmacokinetics of
Gd-DTPA [23]. The most commonly used parameter to
reflect the vascular permeability and the blood flow rate
and volume is Ktrans. Combined with other parameters,
such as Kep, K

trans can reflect the degree of angiogenesis
in tumors to a certain extent [24, 25]. Our study showed
that high Ktrans values appeared with the growth of tu-
mors in the control group. This finding is diametrically

Table 2 Comparisons among the three groups pre-, mid- and post-treatment

SSF Pre-treatment (P value) Mid-treatment (P value) Post-treatment (P value)

mean SD entropy MPP mean SD entropy MPP mean SD entropy MPP

0 0.892 0.283 0.524 0.892 0.326 0.817 0.419 0.326 0.049* 0.315 0.389 0.049*

2 0.863 0.526 0.336 0.574 0.031* 0.651 0.110 0.049* 0.110 0.264 0.263 0.041*

3 0.673 0.724 0.518 0.342 0.026* 0.649 0.099 0.043* 0.056 0.068 0.925 0.049*

4 0.621 0.975 0.328 0.574 0.060 0.124 0.057 0.080 0.056 0.077 0.473 0.056

5 0.692 0.975 0.369 0.557 0.127 0.199 0.065 0.194 0.098 0.182 0.480 0.098

6 0.557 0.924 0.357 0.557 0.326 0.173 0.131 0.392 0.338 0.422 0.235 0.338

“*“means P < 0.05

Fig. 4 Immunohistochemical results (× 200) with CD31 and VEGF stains of control, paclitaxel- and combination-treated tumors after 15 days of
treatment. The target substances were dyed brownish yellow. Both microvessel density (MVD) assessed by CD31 and the optical density of VEGF
were obviously lower in the combination therapy group than in the other two groups
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opposite to the growth situation in the two therapy
groups as the Ktrans values were constantly dropping.
The increase in Ktrans values indicated increases in
tumor blood perfusion and high capillary permeability
that provided more nutrients for tumor growth and ul-
timately accelerated the proliferation of tumor cells.
During the late phase of the experiment, the subcutane-
ous tumor volumes in the control group were signifi-
cantly larger than in the other two groups, providing
good verification for Ktrans. Additionally, the signifi-
cantly different downward trends in the two therapy
groups were caused by the different mechanisms of
paclitaxel and bevacizumab. Paclitaxel has a definite
anti-tumor effect by inhibiting the microtubule system.
However, some scholars have confirmed that bevacizu-
mab can improve the delivery and efficacy of paclitaxel
[26]. The suppression of angiogenesis and vascular
permeability by bevacizumab ensures the concentra-
tion of paclitaxel. The significant changes in volume,
Ktrans and other imaging parameters in the combin-
ation group compared to those in the paclitaxel-alone
group and the control group likely occurred because
the duration of therapy was not long enough to cause
an obvious difference between the paclitaxel mono-
therapy and the control groups. Encouragingly, the
histological results were consistent with DCE-MRI.
The MVD counts showed a strong positive correlation
with Ktrans. Through treatment with bevacizumab, the

expression of VEGF in the combination group was re-
duced. In recent years, increasing attention has been
given to Kep, and previous studies have shown that a
high baseline value of Kep corresponds to a high ex-
change fraction of a drug between the plasma and the
extravascular extracellular space (EES), indicating po-
tentially superior therapy efficacy [27]. Most likely, the
individual differences, tumor cell necrosis, and other
factors caused the contrast agent residue in the inter-
stitial space and led to the error in extravascular extra-
cellular osmotic volume, eventually causing the lack of
significant changes in Kep in our study. On the other
hand, Kep is also significantly affected by Ve, which
may be determined by cell density, cystic degeneration
and tissue reaction, etc. According to Tofts [28], Ve is
not a quite stable factor, because it’s often affected by
the edema surrounding the lesion. Nevertheless, when
we analyzed the correlation between DCE-MRI and
DWI, we found that the Kep was negatively related to
ADCfast, which was drawn from low b-value DWI. Be-
cause the ADC value in the Double Exponential Model
mainly reflects the tumor density characteristics, the
increase in tumor density will certainly affect the con-
trast agent rate of return to the plasma from the EES.
Therefore, it can be concluded from the above analysis
that multi-b-value DWI and DCE are complementary
to each other in the assessment of angiogenic function
and tumor perfusion.

Fig. 5 These linear maps can be used to directly reflect the correlation between the various parameters. Significant positive and linear
correlations existed between MVD vs. Ktrans, perfusion fraction (f) and VEGF. However, MVD and ADCslow were negatively correlated. In
addition, ADCslow values were significantly negatively correlated with entropy but positively correlated with MPP. There was also a strong
correlation between the radiographic parameters of multi-b-value DWI and DCE-MRI, such as the inverse relationship between ADCfast and Kep
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Although multi-b-value DWI and DCE-MRI have
provided considerable information for monitoring
tumor growth and oncological therapy efficacy, these
two imaging techniques can be affected by many fac-
tors, such as the inhomogeneity of the tumor tissues,
artifacts resulting from the subcutaneous tumor model
and motion of the animal during the imaging process
[29]. Additionally, the clinical images have some limita-
tions in reflecting the cellular and molecular character-
istics of lesions, such as cell proliferation and
metabolism, necrosis and hypoxia [30]. Recently, a
growing number of studies have attempted to clarify
the measurement of heterogeneity in medical images by
textural analysis, a second-order statistical technique
with parameters derived from the distributions of local
features, which may allow better tissue characterization,
image segmentation, and prediction of therapy response
and survival [31, 32]. Therefore, the major advantage of
this potential tool is that it can maximize the informa-
tion from clinical images without the need for add-
itional acquisitions [9]. This advantage must be fully
exploited in our research. By measuring the unen-
hanced T2-weighted MRI, we found that all of the allo-
graft tumor-bearing mice were in the same condition
before treatment, but with treatment and various hand-
ling, the entropy values increased significantly in the
three groups under all SSFs. Entropy represents the dis-
order degree of the pixels in ROI, the higher its value
is, the more is the disorder of tissue. A previous publi-
cation showed the severity is associated with the degree
of texture coarseness which was correlated with glucose
uptake measures (obtained from FDG-PET, r = 0.51,
P = 0.03) [33]. It is therefore clear that the increasing
glucose metabolism allowed the growth rate of this
4 T1 allograft tumor to increase, which was consistent
with the increasing size of the tumors in all of the mice.
According to Ng et al. [34], the heterogeneity of tumor
tissues increased with growth. According to Ganeshan
et al. [10] and Henriksson et al. [30], the increased
image heterogeneity within tumors may be associated
with differences in regional tumor cellularity, prolifera-
tion, hypoxia, angiogenesis and necrosis. Therefore,
through the effects of anti-angiogenesis and inhibition
of cell mitosis by combined therapy with bevacizumab
and paclitaxel, the microstructures of tumor, including
cells, extracellular matrix and microvasculature, would
be disturbed, generating a series of variations on cellu-
lar and molecular levels that are too subtle to detect
using traditional imaging diagnostic techniques. The
persistent variations ultimately led to significant differ-
ences in the average value of the pixels within the le-
sions (mean intensity, P < 0.05) and high dispersion
exists around the mean value (SD, P < 0.03). Because of
the absence of strong and effective chemotherapy,

obvious changes did not appear in the other two groups
after treatment. In a nuclear medicine study, the
scholars found that tumors with more heterogeneous
water distribution (i.e., higher SD and mean value of
positive pixels, MPP) were more glycolytic [35]. This
conclusion was also supported by our empirical evi-
dence. When angiogenesis was blocked by bevacizu-
mab, the reduction in tissue perfusion limited the
oxygen supply to the tumor, which led to significant de-
pendence on energy from glycolysis compared with be-
fore treatment (PMPP < 0.05). Another finding that
supports this statement is that the changes in the mean,
SD and MPP all occurred in medium and coarse tex-
ture scales, which were more inclined to reflect bio-
logical characteristics as genomics analyses based on
the investigation by Chowdhury et al. [35]. Further-
more, the above analyses were applicable to the
comparison among the different groups. The discrepan-
cies on cellular and molecular levels, such as
anti-proliferation, hypoxia, angiogenesis and necrosis
induced by monotherapy and combination therapy,
eventually caused the diversities in anatomical structure
(under fine and medium texture scales) that embodied
the dramatic differences in both the average value of
the pixels (mean, P < 0.05) and the positive pixels (MPP,
P < 0.05) within the tumor region. These major struc-
tural changes could be observed in traditional imaging
parameters, as described above. As in our study, tex-
tural analysis was not independent; it was closely re-
lated to functional magnetic resonance imaging.
Entropy was significantly negatively correlated with
ADCslow (r = − 0.503, P < 0.05). A higher entropy repre-
sents increased heterogeneity, which signifies the re-
striction of water diffusion (lower apparent diffusion
coefficient) to some extent. Surprisingly, the increasing
MPP value was remarkably positively correlated with
ADCslow (r = 0.603, P = 0.013), probably because the
more glycolytic environment (higher MPP) produced
metabolites that increased the permeability of the cell
membrane and facilitated the diffusion of water mole-
cules. However, further confirmation is warranted.
Admittedly, there are several limitations in our

study. The vulnerability of six-week-old nude mice
and other factors led to high mortality during the ex-
periment; thus, the animal tumor model was achieved
in a limited number of mice. In addition, the suscep-
tibility artifacts in DWI at air-soft tissue borders in
the subcutaneous tumor model [29], the motion of
animals during the imaging process, and the fact that
implanted tumors are more homogeneous than pri-
mary tumors caused inevitable system errors. In fur-
ther studies, we will strive to overcome these
limitations and explore more diverse, multimodality
fusion imaging methods.
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Conclusion
This study shows successful monitoring of the early
phases of antiangiogenic therapy using multi-b-value
DWI, DCE-MRI and texture analysis in a preclinical
breast cancer model. Through the integration of mul-
tiple parameters, DWI, DCE and TexRad provide
comprehensive and valuable information from bio-
logical characteristics to anatomic structures. More
encouragingly, the prominent changes in key parame-
ters before and after treatment both have good corre-
lations and consistencies with histological results. The
three imaging and analytic techniques reinforce each
other and may potentially serve as non-invasive bio-
markers for the guidance of treatment algorithms and
in monitoring early responses to anti-angiogenesis
therapy in future clinical trials.
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