
Abstract. Background/Aim: We investigated the correlation
between texture features on apparent diffusion coefficient
(ADC) maps and histological vascular parameters of
FN13762 rat breast cancers after antiangiogenic therapy.
Materials and Methods: FN13762 cancer cells were implanted
into 30 rats, and bevacizumab was intraperitoneally
administered to 15 (treated group). For each rat, magnetic
resonance imaging (MRI) was obtained at five time points
after baseline examination. Serial texture analyses were
performed on ADC maps and extracted texture parameters
were correlated with histological vascular parameters.
Results: Entropy of the ADC values correlated with
microvessel density in the treated group (r=0.493, p=0.06).
Hypoxia inducible factor-1 alpha showed the highest
correlation coefficient with the 5th percentile ADC value
(r=0.844, p<0.001). Vascular endothelial growth factor was
significantly correlated with homogeneity on ADC map
(r=−0.521, p=0.046). In the control group, no texture features
showed significant correlations with histological vascular
parameters. Conclusion: ADC map texture features may
reflect histological vascular changes after antiangiogenic
therapy.

Angiogenesis, the building of new vessels from pre-existing
vessels, plays a critical role in tumor growth, invasion, and

metastasis (1). Because deprivation of an adequate blood
supply restricts tumor growth, antiangiogenic agents have
been validated as an effective therapy for several types of
tumors (2-4). However, as antiangiogenic agents may delay
tumor growth but not necessarily lead to tumor shrinkage, an
unidimensional size measurement according to the response
evaluation criteria in solid tumors (RECIST) guidelines (5)
may not be sufficient to evaluate the therapeutic effect of
these agents. Therefore, imaging techniques that can reflect
the pathophysiological processes of these agents have been
investigated (6-8).

One of these imaging techniques involves the quantitative
analysis of apparent diffusion coefficient (ADC) maps
derived from diffusion-weighted magnetic resonance
imaging (MRI). Quantitative measurements of ADC can
provide information on cellularity and cellular membrane
permeability, which have been consistently shown to be
useful for monitoring treatment response, detecting residual
tumors or recurrence, and predicting the prognosis across
various tumors (6, 9-12). Thoeny et al. demonstrated that
ADC measurements allowed monitoring of the perfusion
changes induced by vascular targeting agents in a rat tumor
model (8). However, ADC analysis has generally been
limited to the measurement of the mean pixel value within a
region of interest (ROI) placed on the ADC map.

Recently, texture analysis has been used for lesion
characterization, prediction of treatment response, and
prognosis (13, 14). Texture analysis is an imaging analysis
method involving the extraction of quantitative features based
on the distribution of voxel values within a ROI. This
analytical method is expected to provide more detailed
assessment of lesion characteristics than visual analysis.
Although cerebral perfusion skewness and kurtosis changes
were associated with early treatment response in patients with
newly diagnosed glioblastomas (13), there have been few
studies investigating changes in texture features on ADC maps
after antiangiogenic treatment. Furthermore, correlations
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between ADC map texture features and microvessel density
(MVD) on histology (which is regarded as the reference
standard for measuring tumor angiogenesis) (15), and other
vascular markers such as hypoxia inducible factor-1 alpha
(HIF-1α) and vascular endothelial growth factor (VEGF,
which is associated with angiogenesis) (16-18), have not been
investigated. 

Therefore, the purpose of our study was to investigate
changes in the texture features of ADC maps over serial MR
examinations after antiangiogenic therapy, and to determine
those texture features reflecting histological vascular markers
in FN13762 rat breast cancers.

Materials and Methods 

This study was approved by the Animal Care and Use Committee
of our Hospital (#13-0322-C0A0).

Animal model. The FN13762 murine mammary carcinoma cell line
(American Type Culture Collection, Manassas, VA, USA) was
selected as the experimental animal tumor model for this study.
FN13762 carcinoma is a spontaneously metastatic syngeneic rat
tumor that can be established in female Fischer 344 rats. Both its in
vitro and in vivo growth characteristics have been well defined (19). 

Thirty female Fischer 344 rats (Charles River, Sulzbach,
Germany) weighing between 250 and 300 g were used in this study.
For tumor cell implantation, anesthesia was performed with a
solution of zolazepam (5 mg/kg, Zoletil®; Virbac, Carros, France)
and xylazine (10 mg/kg, Rompun®; Bayer-Schering Pharma, Berlin,
Germany) injected into the hindlimbs. Under the anesthesia, 4×105
FN13762 cells suspended in 0.1 ml of Dulbecco’s modified Eagle’s
medium (Cambrex Biosciences, Verviers, France) were inoculated
into the muscular layer of the right upper thigh of the rats using a
24-gauge needle. Cellular viability was tested using trypan blue
prior to tumor implantation, and yielded a result greater than 90%.
All procedures were performed using aseptic technique. At nine
days after tumor implantation, tumors were expected to be around
1 cm in the longest dimension, which is a sufficient size for imaging
(20) (Figure 1).

Experimental protocol. Nine days after tumor implantation, the 30
Fischer rats were randomly divided into treatment (n=15) and
control groups (n=15). Immediately after baseline MR imaging,
bevacizumab (Avastin, Genentech, South San Francisco, CA, USA;
20 mg per kg of body weight) was intraperitoneally administered to
the treatment group. For each rat in the treatment group, follow-up
MR examinations were performed at 2 h, 1 day, 2 days, 5 days, and
9 days after bevacizumab administration, with the same schedule
also being applied to the control group. At each follow-up time
point, three rats in each group were sacrificed for histopathological
assessment. 

MR imaging acquisition. MR exams were performed with a 3-T
MRI system (TrioTim; Siemens Medical Solutions, Erlangen,
Germany) with a 6-channel rat body coil (Stark Contrast, Erlangen,
Germany). All MR exams were performed with the rats in a supine
position under zolazepam and xylazine anesthesia. After routine
localization images were obtained, axial T2-weighted turbo spin

echo images (TR/TE, 8930/101 msec; bandwidth, 196 Hz/pixel; flip
angle, 120˚; field of view, 100×81 mm; matrix, 192×115; slice
thickness, 0.8 mm; number of signals acquired, eight) of the lower
half of the rat body were acquired. Then, diffusion-weighted MRI
was performed using a free-breathing single-shot echo-planar
imaging pulse sequence with diffusion gradients applied in three
orthogonal directions. This sequence included the following
parameters: TR/TE, 4400/73 ms; bandwidth, 798 Hz/pixel; field of
view, 100×100 mm; matrix, 128×128; section thickness, 3 mm;
number of signals acquired, eight; and multiple b-values, 0, 25, 50,
75, 100, 200, 400, 800 and 1,000 s/mm2. The diffusion-weighted
MRI covered the entire tumor, and a parallel imaging technique
(generalized autocalibrating partially parallel acquisitions;
GRAPPA) with a 2-fold acceleration factor was applied to shorten
the acquisition time.

Image analysis. Tumor segmentation was performed using in-house
software. For each tumor, one radiologist manually drew a ROI
covering the entire range of the tumor on the ADC maps. Care was
taken to avoid non-tumor tissues on the ADC maps by making
reference to the T2-weighted and diffusion-weighted images. After
ROI drawing, histogram and texture features were extracted as
previously described (20). 

Histopathological assessment. After each follow-up MRI session,
three rats in each group were sacrificed by means of an intravenous
injection of a lethal amount of sodium thiopental (Pentothal;
Choong Wae Pharmacy, Seoul, Korea) while they were under deep
anesthesia. The rats were then frozen at −70˚C in a plastic frame to
maintain their position. One day later, the rats were sectioned in the
same plane as the ADC maps. 

Pathological specimens were sliced in the transverse plane at 3
mm intervals. After each slice of the specimens had been fixed with
10% phosphate-buffered formaldehyde and embedded in paraffin,
pathological specimens (approximately 5 μm thick) were obtained
for histological assessment (Figure 2). 

For MVD measurement, these pathologic slides were
immunohistochemically stained specifically for the endothelial
antigen CD34, which is traditionally used to evaluate tumor
angiogenesis. One pathologist who was blinded to the results of the
MRI counted the number of vessels plus immunoreactive
endothelial cells per 200× field in three vascular hot spots within
the tumor, and reported the mean number as the final MVD (21).
Hot spots were selected at low magnification (40×) according to
areas showing the strongest CD34 staining.

These sections were also stained with mouse anti–HIF-1α IgG2b
monoclonal antibody (NB100-123, Novus Biologicals, Littleton,
CO, USA; dilution, 1:40,000) for evaluation of HIF-1α expression.
At least five fields were randomly selected, and the nuclear staining
of HIF-1α within tumors was counted under high magnification
(400×). HIF-1α expression was defined as positive if nuclear
staining was observed in ≥5% of the tumor cells. Simultaneous
cytoplasmic staining was excepted, as nuclear HIF-1α determines
the functional activity of the HIF-1α complex (22). 

VEGF receptor-2 antibody (ab39256, Abcam, Cambridge, MA,
USA; dilution, 1:1,000) was used to grade the expression of VEGF
in terms of its extent and intensity (23). VEGF-positive brown
staining was located in the cytoplasm. The average score over ten
fields of vision (400×) was calculated. All microscopic images were
captured and saved to a computer using a DP-70 camera with a
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color charge-coupled device sensor mounted on the microscope
(Olympus, Tokyo, Japan).

Statistical analysis. The texture features extracted from serial MR
acquisitions were compared between the treatment and control groups
at each time point. Within the framework of a mixed-effects model, a
covariance pattern model, which models a pattern of correlations
between repeated measures, was used to compare the mean change of
the measured parameters from baseline. In addition, the ADC map
texture features were compared with those obtained from the previous
examination in each group. The associations between tumor volume
and texture features in each group were evaluated using Spearman’ s
correlation coefficients under the mixed-effects model.

Differences in histological vascular markers between the two
groups were compared using the Mann–Whitney test. Associations
between texture features and histological vascular markers at each
follow-up time point were assessed using Spearman’s correlation
coefficients. Associations among the histological vascular markers
were also evaluated using Spearman’s correlation coefficients.

Statistical analyses were performed using SAS statistical
software (SAS version 9.4; SAS Institute, Cary, NC, USA). Data
are presented as mean±standard deviation. p<0.05 was considered
to indicate statistical significance.

Results 

Changes in texture features during serial follow-ups in the
treated and control groups. In both groups, the tumor volumes
significantly increased during follow-up (all, p<0.001). The
differences in tumor volumes between the two groups did not
reach statistical significance (p=0.083; Table I). 

In both groups, the mean tumor ADC values significantly
decreased in comparison with baseline (p=0.014 in the
treated group, and p<0.001 in the control group), while the
skewness, entropy, and 5th, 10th, 25th, and 50th percentile
ADC values of the tumors significantly increased during
follow-up (p=0.001 for skewness and 50th percentile in the
treated group, and p<0.001 for the remaining parameters).
In the control group, the 75th, 90th, and 95th percentile
values also significantly increased during follow-up
(p<0.001, 0.002, and 0.003, respectively). 

However, none of the texture features were significantly
different between the two groups (mean values of the tumors
on ADC maps, p=0.431; skewness, p=0.753; kurtosis,
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Figure 1. Tumors in a rat model at baseline and at 9th day follow-up. The tumor was located in the muscular layer of the right upper thigh of the
rat. A cystic portion is visible within the tumor. The tumor in the treated rat was 1.5 cm at baseline on the T2-weighted image (A) and corresponding
apparent diffusion coefficient map (B). The tumor had grown to 2.4 cm by the 9th day of follow-up (C, D). 



p=0.681; entropy, p=0.125; homogeneity, p=0.839; 5th,
10th, 25th, 50th, 75th, 90th, and 95th percentile values,
p=0.707, 0.627, 0.968, 0.617, 0.186, 0.271, and 0.252,
respectively). 

Correlations between texture features and histological
vascular parameters. The mean MVD of the treatment group
was not significantly different from that in the control group
(15.3±4.6 versus 15.9±3.9; p=0.604). HIF-1α also showed
no significant differences between the two groups (52.0±33.3
versus 48.7±10.7; p=0.867). By contrast, VEGF showed
significantly higher values in the treatment group than in the
control group (33.3±29.9 versus 10.7±8.4; p=0.033).
Furthermore, in the treatment group, VEGF tended to change
a little later in the follow-up period, alongside changes in
HIF-1α (Figure 3). No significant correlations were found
between the histological vascular parameters in either group
(p>0.05). 

In the treatment group, MVD showed marginally
significant correlations with tumor volume and entropy
(r=0.461, p=0.08; r=0.493, p=0.06, respectively). HIF-1α
showed significant correlations with 5th, 10th, 25th, 50th,
75th, 90th, and 95th percentile values, mean ADC value, and
kurtosis (p<0.05), with the correlation coefficient being
highest between the 5th percentile value and HIF-1α
(r=0.844). Tumor volume was not significantly correlated
with HIF-1α (r=−0.406, p=0.133).

VEGF was significantly correlated with homogeneity
(r=−0.521, p=0.046) and showed a marginal association with
skewness (r=−0.471, p=0.08). However, tumor volume
showed no significant correlation with VEGF (r=−0.04,
p=0.883). Table II summarizes the correlations between
histological vascular parameters and texture features in the
treatment group. In the control group, no texture features
showed significant correlations with histological vascular
parameters (p>0.05).

Correlations between tumor volume and texture features.
When the correlations between tumor volume and texture
features were assessed, the mean ADC value, skewness,
kurtosis, entropy, and 5th, 10th, 25th, 50th, 75th, and 90th
percentile values showed significant correlations in the
treatment group (p<0.05), with the correlation coefficient
being highest (0.925) between tumor volume and entropy. In
the control group, the mean ADC value, skewness, kurtosis,
entropy, and 5th, 10th, 25th, and 50th percentile values
showed significant correlations with tumor volume (p<0.05),
with the correlation coefficient between tumor volume and
entropy again being the highest (0.978).

When changes in tumor volume were correlated with
changes in texture features, entropy was the only texture
parameter showing statistical significance (p<0.001) in the
treatment group. In the control group, entropy and
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Figure 2. Quantification of histologically-assessed vascular parameters
within a tumor. (A) Microvessel density immunostaining with CD34 antibody
highlights vessels (original magnification, 200×). (B) Immunostaining for
hypoxia inducible factor-1 alpha, which is mainly identified in the nucleus
of cancer cells (original magnification, 400×), and (C) immunostaining for
vascular endothelial growth factor (VEGF; original magnification, 400×),
which shows as positive brown staining in the cytoplasm.



homogeneity showed significant correlations (p<0.001 and
p=0.01, respectively). In all cases, only entropy remained
significantly correlated with tumor volume. Table III presents
the results of correlations between tumor volumes and
texture features in detail.

Discussion 

In this study, we demonstrated that different texture features
were correlated to certain histological vascular parameters,
and that they may reflect change in histological vascular
parameters after antiangiogenic therapy.

An in vivo metric for the evaluation of antiangiogenic
treatment is necessary, because tumor size does not
necessarily decrease following antiangiogenic treatment. In
this study, tumor volume was not significantly different
between the treatment and control groups, although there
was a tendency for the treatment group to show delayed
tumor growth. No texture features showed significant
differences between the two groups, and therefore no
specific texture features were considered suitable for
differentiating the treated group from the control group.

The texture features showed correlations with histological
vascular parameters only in the treated group. MVD was
marginally correlated with entropy, VEGF was significantly
correlated with homogeneity, and HIF-1α showed the
strongest correlation with the 5th percentile value of the
ADC values (r=0.844). These differences between the treated
and control groups suggest that ADC map texture features
may reflect the treatment effect of antiangiogenic therapy,
and that they have the potential to allow monitoring of tumor
response after antiangiogenic therapy. In particular, as MVD
is considered the reference standard for measuring tumor
angiogenesis, our findings support the potential use of
entropy for response monitoring. However, tumor volume

showed marginal association with MVD only and it did not
reflect the comprehensive histological vascular changes
occurring after antiangiogenic therapy. 

However, as our results were obtained at static time
points, there is a need to evaluate serial changes in
histological vascular parameters using repeated biopsies after
antiangiogenic therapy, and to thereby verify the correlations
between histological changes and texture features. 

Interestingly, VEGF was significantly higher in the treated
group than in the control group. Furthermore, the changes in
VEGF resembled the changes in HIF-1α, but with a slight
time gap, while there was no such tendency in the control
group. This observation corresponds well with previous
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Table I. Tumor volume and mean ADC values of tumors over serial MR examinations in the treated and control groups.

                                                     Time points           Treated group                                   Control group                             p-Value (between two groups)

Volume (mm3)                               Baseline               760.0±612.4               <0.001           470.1±289.9            <0.001                           0.083
                                                        2 hours                786.9±632.1                                     494.4±290.5                                                       
                                                          1 day                 778.2±366.6                                     828.4±418.6                                                       
                                                         2 days                 941.2±426.2                                   1170.7±630.8                                                       
                                                         5 days               2988.3±1081.5                                 2154.2±851.9                                                       
                                                         9 days               8028.6±3529.5                               13717.7±5477.7                                                     
Mean value on ADC map              Baseline               826.7±264.4                0.014            886.7±107.0            <0.001                           0.431
                                                        2 hours                801.9±261.4                                     862.2±142.1                                                       
                                                          1 day                 799.0±129.5                                     763.6±132.7                                                       
                                                         2 days                 734.9±90.9                                       666.8±93.1                                                         
                                                         5 days                 648.4±72.7                                       576.5±1110.8                                                      
                                                         9 days                 687.6±149.9                                     738.5±116.6                  

Data are means±standard deviation. 

Table II. Correlations between histological vascular parameters and
texture features in the treated group.

Parameters                      CD34                   HIF-1α                  VEGF

                                           p-Value                   p-Value                p-Value

Tumor volume        0.461    0.084     –0.406       0.133     –0.041     0.883
Mean value             0.114     0.685       0.644       0.010       0.229     0.412
Skewness                0.050    0.856     –0.580       0.023     –0.471     0.077
Kurtosis                  0.100    0.723     –0.531       0.042     –0.399     0.141
Entropy                   0.493    0.062     –0.022       0.934       0.004     0.883
Homogeneity          0.224    0.421       0.009       0.974     –0.521     0.046
5th percentile        –0.198    0.478       0.844     <0.001       0.366     0.179
10th percentile     –0.116     0.680       0.728       0.002       0.295     0.286
25th percentile     –0.139    0.620       0.687       0.005       0.294     0.288
50th percentile     –0.057    0.840       0.729       0.002       0.285     0.303
75th percentile        0.132    0.639       0.615       0.015       0.157     0.577
90th percentile        0.111     0.694       0.580       0.023       0.231     0.408
95th percentile        0.125    0.657       0.555       0.032       0.254     0.360

Data are Spearman’s correlation coefficients between tumor volumes
and texture parameters.



studies (24-26), which suggested that bevacizumab provokes
a more hypoxic environment, which then activates the HIF-
1α pathway, leading to the increased expression of VEGF.
This finding implies that bevacizumab was effective in the
present study. 

When the correlations between tumor volume and texture
features were assessed, entropy showed a significant
correlation with tumor volume in both the treated and control
groups, irrespective of whether the original values or the
change in ratio between two consecutive time points were used,
with correlation coefficients ranging from 0.814 to 0.978.
These strong correlations between entropy and tumor volume
suggest that entropy can be used as an alternative to tumor
volume after antiangiogenic therapy. As this study was not
designed to investigate the texture features predictive of an
early response to antiangiogenic therapy, we could not evaluate
the usefulness of entropy in this regard. Further study is

warranted to confirm whether ADC map texture features can
predict an early response to antiangiogenic therapy.

The mean ADC value of the tumor was not significantly
correlated with tumor volume when changes in ratio between
two consecutive time points were used. Although changes in
ADC reflect changes in tumor cellularity, cystic change or
necrosis occurred frequently during tumor growth in our
animal model, and this may have caused the gap between
changes in ADC and tumor volume. Previous studies using
ADC values have focused on response prediction rather than
quantitative correlations (6, 10, 11). Moreover, the present
study used MR acquisitions at five time points, and it was
therefore more difficult to meet conditions demonstrating a
significant correlation. Therefore, for the monitoring of
treatment response after antiangiogenic therapy, we believe
that entropy is a more stable ADC map-derived texture
feature than the mean tumor value.
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Figure 3. Serial changes in hypoxia inducible factor-1 alpha (HIF-1α) and vascular endothelial growth factor (VEGF) in the treated and control
groups. In the treated group, HIF-1α showed strong activity from follow-up on day 1 (A), and VEGF showed similar changes, but with a slight time
difference (B). By contrast, there was no significant association between HIF-1α (C) and VEGF (D) in the control group. 



This study has several limitations. First, the study
included only a small number of tumors at each time point,
and thus features predictive of antiangiogenic treatment
were not investigated. However, this work was a feasibility
study, and we believe that our results successfully
demonstrated correlations between texture features and
histological vascular parameters, and the usefulness of
ADC map texture analysis. Second, the tumor locations
may not have accurately simulated tumor biology in
patients in a clinical setting. We decided to perform
intramuscular tumor inoculation because of artifacts on
ADC maps when tumors are located in the subcutaneous
layer. Third, the utility of ADC map texture features was
not compared with other imaging modalities such as
dynamic contrast-enhanced MR imaging or perfusion CT.
Fourth, this study evaluated a single antiangiogenic therapy
that was not performed in combination with any other
anticancer therapy. However, single antiangiogenic therapy
is a more ideal condition for exploring the feasibility of
texture analysis on ADC maps.

In conclusion, ADC map texture features may reflect
histological vascular changes after antiangiogenic therapy.
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