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Abstract
Objective This study aims to explore the feasibility of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) 
and blood oxygen level-dependent magnetic resonance imaging (BOLD-MRI) in assessing vessel function and tumour 
aggressiveness during anti-angiogenesis treatment.
Materials and methods A colon cancer xenograft model was established in BALB/C nude mice with the HCT116 cell line. 
Sixteen mice were randomly divided into Group A and Group B, which were treated with saline or bevacizumab by intra-
peritoneal injection on the 1st, 4th, 7th, 10th and 13th days and underwent DCE-MRI and BOLD-MRI examinations before 
and on the 3rd, 6th, 9th, 12th and 15th days after treatment. Group C was treated with oxaliplatin monotherapy, and Group D 
was treated with bevacizumab and oxaliplatin as a point of comparison for therapeutic effects. The pathological examinations 
included HE, HIF-1α, fibronectin and TUNEL staining, as well as α-SMA and CD31 double staining. One-way analysis of 
variance and correlation analysis were the main methods used for statistical analysis.
Results Group D manifested the highest tumour inhibition rate and smallest tumour volume on day 15, followed by Group 
C, Group B and Group A. Ktrans (F = 81.386, P < 0.001), Kep (F = 45.901, P < 0.001), Ve (F = 384.290, P < 0.001) and R2* 
values (F = 89.323, P < 0.001) showed meaningful trends with time in Group B but not Group A. The Ktrans values and tumour 
vessel maturity index (VMI) were higher than baseline values 3–12 days after bevacizumab treatment. The CD31 positive 
staining rate and VMI had the strongest correlations with Ktrans values, followed by AUC 180, Ve and Kep values. The R2* 
value positively correlated with the positive staining rates of HIF-1α and fibronectin.
Conclusion Intermittent application of low-dose anti-angiogenic inhibitor treatment may help improve the effect of chemo-
therapy by reducing hypoxia-related treatment resistance and improving drug delivery. DCE-MRI is useful for evaluating 
vessel maturity and vascular normalization, while BOLD-MRI may help to predict tumour hypoxia and metastatic potential 
after anti-vascular treatment.
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Introduction

Tumour growth, invasion and metastasis are closely related 
to tumour angiogenesis. A hypoxic microenvironment is 
one of the important characteristics of solid tumours and 
is commonly observed in aggressive tumours when even 
the newly generated vessels are insufficient to provide the 
required oxygen for tumour growth. Hypoxia can promote 
cell differentiation, inhibit cell proliferation and induce cell 
apoptosis and tumour necrosis. However, adaptive changes, 
including the upregulation of angiogenic factors (e.g. VEGF, 
PDGF-B and TGF-b), which could stimulate the formation 
of tumour vessels, may occur when the tumours undergo a 
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long period of hypoxia. The newly generated tumour vessels 
are generally tortuous, disorganised, highly permeable and 
characterised by abnormalities in their endothelial wall, peri-
cyte coverage and basement membrane. Vascular endothelial 
growth factor A (VEGF-A) is a major permeability and pro-
angiogenic factor that is highly expressed during tumour 
growth. A direct consequence of VEGF-induced vessel 
leakiness is increased interstitial fluid pressure and forms a 
barrier to oxygen delivery. In addition, the highly prolifera-
tive and dense tumour cells can compress and destabilise the 
surrounding blood vessels, which can lead to vessel regres-
sion and reduced tumour perfusion and further aggravate 
the tumour hypoxia [1]. The hypoxic microenvironment 
can drive the transformation of tumour cells from prolif-
erative to invasive phenotypes and promote the expression 
of the hypoxia-inducible factor 1α (HIF-1α) gene, which 
could induce epithelial–mesenchymal transition in tumour 
cells [2]. The tumour may express a variety of mesenchy-
mal cell-associated proteins (e.g. vimentin and N-cadherin) 
and decrease the expression of fibronectin. These aggressive 
mesenchymal phenotypes further enhance the invasion and 
migration ability of tumours [3]. Most importantly, hypoxia 
can mediate chemoresistance and radioresistance [4], which 
urges the exploration of a newly targeted mechanism for 
anti-tumour treatment. On the other hand, the high vascular 
permeability and increased interstitial fluid pressure, which 
may hamper delivery of chemotherapeutic drugs to the 
tumour, need to be addressed. Bevacizumab is a recombinant 
human monoclonal IgG antibody that specifically binds to 
VEGF-A and prevents it from interacting with its receptors 
(VEGFR1 and 2). It was originally used to reduce tumour 
neovascularization and inhibit tumour growth [5]. Anti-angi-
ogenic therapy is an important component of current cancer 
treatment, but there is still some controversy because exces-
sive inhibition of neovascularization will aggravate tumour 
hypoxia and further impede drug delivery, whereas recent 
studies reported that anti-angiogenic therapy can temporarily 
normalise the vessel structure and function [6], which may 
increase the tumour blood supply and ameliorate hypoxia, 
helping to address current treatment dilemmas. However, 
the time ranges of the vascular normalization process are 
still inconsistent due to a variety of evaluation criteria. In 
addition, the ideal treatment dosage to balance the anti-
angiogenic effect and vascular normalization phenomenon 
is still an interesting topic.

Aside from the above issues, how to effectively monitor 
the tumour perfusion, hypoxic degree and other microenvi-
ronmental changes during anti-vascular treatment is another 
important issue, which will help to evaluate the treatment 
effect and determine the vascular normalization process 
convincingly. In a recent animal study, Pan et al. [7] found 
that intravoxel-incoherent-motion diffusion-weighed imag-
ing (IVIM-DWI) has the potential to serve as a non-invasive 

approach for monitoring Endostar-induced tumour vascular 
normalization without the need for contrast agents. How-
ever, it cannot mimic the process of drug delivery and is not 
suitable for our study. Dynamic contrast-enhanced magnetic 
resonance imaging (DCE-MRI) is a non-invasive imaging 
method that can reflect the characteristics of tumour micro-
vasculature and has been widely used in both experimental 
and clinical pharmacological studies [8–10]. It can quantita-
tively measure tumour perfusion and vascular permeability, 
which is suitable for current anti-vascular studies. In addi-
tion, the transport of contrast agent mimics the process of 
drug delivery, which is more convincing than non-enhanced 
IVIM-DWI. Blood oxygen level-dependent magnetic reso-
nance imaging (BOLD-MRI) is another advanced imaging 
sequence that is sensitive to iron deposition and deoxyhemo-
globin concentration in the microenvironment. The accu-
mulation of deoxyhemoglobin, which is a paramagnetic 
material, may interfere with the uniformity of the magnetic 
field and accelerate the dephasing process of T2* relaxation 
and cause an increase in R2* values. It can indirectly reflect 
oxygen metabolism [11] and is suitable to measure tumour 
hypoxia during anti-vascular therapy.

Previously, few studies have been concerned with con-
tinuously monitoring the microenvironment changes dur-
ing anti-vascular therapy using functional MRI, especially 
the phenomenon of vascular normalization. Oxaliplatin is 
a common chemotherapeutic drug for colon cancer, and 
the combination with anti-angiogenic drugs has shown 
improved therapeutic effect in clinical studies [12]. However, 
the mechanisms are not well investigated. Illuminating the 
potential anti-tumour mechanisms and microenvironment 
changes (e.g. tumour perfusion, hypoxia and migration abil-
ity) has important clinical implications for combined chemo-
therapy. In this study, we used DCE-MRI and BOLD-MRI to 
continuously monitor changes in the microenvironment in a 
colon cancer xenograft model and investigate the synergistic 
effect of bevacizumab when combined with chemotherapeu-
tic drugs such as oxaliplatin during anti-vascular treatment. 
The outcomes may address these issues and guide optimal 
anti-tumour treatment.

Materials and methods

Cell culture

We obtained the human colon cancer HCT116 cell lines 
from the American Type Culture Collection (ATCC, Manas-
sas, Virginia). They were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco) supplemented with 10% 
foetal bovine serum and 1% penicillin/streptomycin and 
maintained at 37 °C in a 5%  CO2 atmosphere.
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Tumour model and grouping

This animal experiment was approved by the Institutional 
Animal Ethics Committee of our university. We strictly fol-
lowed the Institutional Laboratory Animal Care and Use 
Manual. A total of 105 female BALB/c nude mice, aged 
6–7 weeks and weighing approximately 15–20 g, were pur-
chased from Beijing Vital River Laboratory Animal Tech-
nology Corporation (Certificate Nos. 11400700325797 and 
11401500046283, China). The mice were subcutaneously 
injected with 0.2 ml of 1 × 106/ml HCT116 cells into the 
right flank near the hindlimbs to establish the colon cancer 
xenograft model and were raised in a specific pathogen-free 
environment. The experiments were initiated 2 weeks after 
implantation as the mean tumour volume reached approxi-
mately 200 mm3, which allowed the tumours to maintain 
a rapid growth stage with relatively high vascularity and 
without significant necrosis and was the best opportunity to 
monitor the treatment effect and microenvironment changes.

We selected 83 tumour-bearing mice for the experiment. 
Sixteen mice were randomly divided into Group A and 
Group B (eight for each), which were treated with saline or 
bevacizumab (avastin, Roche, Switzerland), and underwent 
DCE-MRI and BOLD-MRI examinations before and on the 
3rd, 6th, 9th, 12th and 15th day after treatment. Group C 
(n = 8) treated with oxaliplatin monotherapy (4 mg/kg, dis-
solved in 5% glucose solution), and Group D (n = 8) treated 
with bevacizumab and oxaliplatin were also set for thera-
peutic effect comparison. All mice were treated by intra-
peritoneal injection on the 1st, 4th, 7th, 10th and 13th days. 
Distinct from a previous study [13], we repeatedly used a 
relatively low dose of bevacizumab (5 mg/kg) this time. As 
bevacizumab was diluted with 0.9% normal saline, it was 
injected 1 h before oxaliplatin administration to avoid drug 
interaction in Group D. The short diameter (a) and long 
diameter (b) of the tumour were measured with callipers 
on days 0, 3, 6, 9, 12 and 15 after treatment. The tumour 
volume was calculated as  (a2 × b × 0.5)  mm3. The tumour 
inhibition rate was calculated as (tumour volume of control 
group − tumour volume of treatment group)/tumour volume 
of control group × 100%.

MRI examinations

Animals were anaesthetised by intraperitoneal injection of 
0.1% pentobarbital sodium before imaging. MR examina-
tion was performed on a 1.5 T Signa HDxt superconduc-
tor clinical MR system (GE Medical System, Milwau-
kee, WI) equipped with a special animal coil. They were 
imaged in the supine position. Conventional T1-weighted 
images (T1WI) were acquired using fast spin-echo (FSE) 
sequences with the following parameters: repetition time/
echo time (TR/TE) = 540/14.7 ms, slice thickness = 2 mm, 

slice gap = 0.2  mm, field of view (FOV) = 5 × 5  cm2, 
matrix size = 192 × 160, number of excitations (NEX) = 2. 
T2-weighted images (T2WI) were acquired using fast recov-
ery fast spin-echo sequences with the following param-
eters: TR/TE = 2140/82.3 ms, slice thickness = 2 mm, slice 
gap = 0.2 mm, FOV = 5 × 5 cm2, matrix size = 192 × 160 
and NEX = 2. BOLD-MRI was performed with a three-
dimensional spoiled gradient echo sequence and the fol-
lowing parameters were used: sixteen TEs (TE = 3.4, 9.3, 
15.2, 21.2, 27.1, 33, 38.9, 44.8, 50.7, 56.6, 62.5, 68.5, 
74.4, 80.3, 86.2, 92.1), TR = 160 ms, FOV = 8.0 × 6.4 cm2, 
matrix size = 192 × 128 and NEX = 2. The mice were imaged 
in free-breathing, so the air in a normal oxygen level was 
used for BOLD-MRI. DCE-MRI was performed with the 
fast spoiled gradient-recalled echo (SPGR) sequence with 
the following parameters: TR = 40 ms, TE = 2.4 ms, slice 
thickness = 2 mm, slice gap = 0.2 mm, matrix size = 128 × 96 
and FOV = 7.0 × 5.6 cm2. The mice were catheterised and 
manually administered 0.1 mmol/kg Gd-DTPA  (Magnevist®, 
Bayer Schering Pharma, Germany) via the tail vein in 
approximately 5 s, followed by 0.3 ml of a 0.9% saline flush 
before scanning. A total of 35 T1WIs were obtained at a 
temporal resolution of three seconds before and after the 
injection of Gd-DTPA. Five axial slices covering the tumour 
were acquired in one series. The baseline T1 map was quan-
titatively reconstructed using variable flip angles of 3°, 6°, 
9°, 12° and 15°.

Image analysis

The post-processing of MRI data was performed on Advan-
tage Workstation version 4.5 (GE Health Care) by a senior 
radiologist. DCE-MRI data were analysed using the Cine-
tools program. Population-based vascular input function 
(VIF), as described in a previous study [14], was applied to 
fit the Tofts model in all animals (VIF = 0.25 in our study). 
The uptake of contrast agent and VIF for a representative 
animal is shown in Supplemental Fig. 1. The quantitative 
parameters, including volume transfer coefficient (Ktrans), 
volume fraction of extravascular extracellular space (Ve), 
rate constant of backflux (Kep) and area under the concen-
tration–time curve within the initial 180 s during the first 
pass of contrast agent (AUC 180), were calculated based on 
the traditional Tofts mathematical model [15], which was 
originally constructed by generalising existing models for 
tissues with a negligible amount of intravascular tracer. The 
equation is as follows:

Here, “*” is convolution, and C(t) and Ca(t) are concen-
tration–time curves in the tissue of interest and in the 
plasma of a feeding artery, respectively. Kep is equal 
to Ktrans/Ve. Unphysiologically relevant voxels (e.g. Ktrans and 

C(t) = Ktrans ⋅ e
−tKep ∗ Ca(t).
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Kep < 0 min−1 or > 5 min−1, Ve < 0, or > 1, AUC 180 < 0 mM s) 
from the DCE-MRI fitting were removed from subsequent 
analysis [16]. In the pseudo-colour maps of Figs. 2 and 3, the 
voxels without a covered colour indicated non-physiological 
values of Ktrans, Kep Ve and AUC 180. The approximate per-
centages of removed voxels for the Ktrans, Kep Ve and AUC 
180 maps were 9.8%, 17.8%, 15.3% and 12.7%, respectively.

BOLD-MRI data were used to generate the transverse 
relaxation rate (R2*) using the Functool-R2Star software. 
The R2* maps were reconstructed by linearly fitting a single 
exponential model of the ln(signal intensity) to the TE curve. 
The slope of ln(signal intensity) versus TE determines R2* 
(l/T2*) value [17]. We referenced T2 WI and delineated the 
tumour border at the largest cross section as the region of 
interest (ROI) to measure each quantitative parameter.

Histological analysis

Fifty-one out of 83 mice were exclusively set for patho-
logical analyses. Three mice were regarded as the common 
baseline group. Three mice from each pathological subgroup 
were sampled on days 3, 6, 9 and 12. All of the imaging mice 
(n = 16) were sacrificed for pathologic examinations after the 
last scanning and corresponded to the result of day 15. The 
pathologic analyses included haematoxylin and eosin (HE) 
staining, HIF-1α immunohistochemical staining, fibronectin, 
terminal-deoxynucleoitidyl transferase mediated dUTP nick 
end labeling (TUNEL) immunofluorescent staining and 
α-smooth muscle actin (SMA) and CD31 immunofluores-
cent double staining. The excised tumour tissues were fixed 
in 4% paraformaldehyde, embedded in paraffin, sectioned 
at a 5-μm thickness and stained with HE following standard 
procedures. HIF-1α staining was performed according to the 
procedures of Li et al. [18]. TUNEL staining was performed 
to evaluate cell apoptosis using an in situ Cell Death Detec-
tion Kit (Roche Diagnostics, Basel, Switzerland) according 
to the manufacturer’s instructions. Fibronectin was incu-
bated with fibronectin antibody (1:200; Abcam, Cambridge, 
England) and stained with rhodamine-conjugated goat anti-
rabbit Ig G (1:300; Proteintech). α- SMA is a biomarker of 
pericytes and is associated with vessel maturation [19]. For 
CD31 and α-SMA immunofluorescent double staining, a 
5-μm cryosection was incubated with an anti-CD31 antibody 
(1:50, Servicebio, China) for the endothelium and α-SMA 
antibody (1:1000; Servicebio, China) for pericyte overnight 
at 4 °C, which could be used to evaluate vessel maturity. All 
sections were visualised and recorded using an Olympus BX 
53 microscope. Three typical fields on each section (× 200) 
were selected to calculate the positive staining rate of the 
cells with the different antibodies using Image-Pro Plus 
6.0 software (Media Cybernetics, MD, USA). The vessel 

maturity index (VMI) was defined as the ratio of positive 
α-SMA to CD31 staining [20].

Statistical analysis

SPSS 13.0 software (IBM Corporation, Chicago, IL, 
USA) and GraphPad Prism 5.01 (GraphPad Software Inc., 
San Diego, CA) were used to perform statistical tests and 
plot line charts. The numeric results are presented as the 
mean ± standard deviation (SD). The data distribution type 
was assessed by the Kolmogorov–Smirnov test. Repeated 
measures analysis of variance was used to analyse the dif-
ferences in tumour volume, Ktrans, Ve, Kep, AUC 180 and R2* 
values among different time points in each group. To avoid 
clinically meaningless correlations, this study analysed only 
the correlation between DCE parameters and CD31 positive 
staining percentage, VMI value, and the correlation between 
R2* value and HIF-1α, fibronectin positive staining percent-
ages using Pearson correlation analysis on day 15 in Group 
B. A P value < 0.05 was considered statistically significant.

Results

No obvious abnormal reaction and death occurred in the 
mice during anti-vascular therapy. We observed tumour 
growth at each time point and calculated the tumour inhibi-
tion rates on day 15. Group D manifested a slower growth 
trend, smaller tumour volume and higher tumour inhibition 
rate than the other groups, followed by Groups C, B and A 
(Fig. 1a). The tumour inhibition rates of Groups B, C and D 
were 32.3%, 52.0% and 73.4%, respectively.

MRI results

Conventional MR sequences also showed significantly 
increased tumour sizes with time in both Groups A and B. 
The mice in Group B showed no obvious signal changes 
before day 6 on conventional T1WI, and a small patch of 
high signal appeared at the periphery and centre of the 
tumour on days 6 and 9, indicating tumour haemorrhage. 
On the T2WI, a number of patchy high signals appeared in 
the tumour core on day 6 to day 15 (Fig. 2). Scattered high 
signals were also found on T2WI in Group A, but the abnor-
mal signals were not as obvious as those in Group B, and no 
abnormal signal was found on T1WI (Fig. 3). 

The pseudo-colour maps of the Ktrans, Kep, Ve and R2* 
values at each time point in Groups A and B are shown in 
Figs. 1 and 2. The mean values and trend charts are shown 
in Tables 1, 2 and Fig. 4. In group B, the Ktrans value gradu-
ally increased until day 6 after administration, and it showed 
a downward trend after day 6 and reached the lowest value 
on day 15 (F = 81.386, P < 0.001), indicating an increased 
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tumour perfusion due to vascular normalization. This 
trend was reversed by a subsequent anti-angiogenic effect 
as well as the recession on normalised vascular function. 
Ve values decreased with different speeds from 0 to 9 days 
and fell again on day 15 after a brief increase on day 12 
(F = 384.290, P < 0.001), indicating a decreased leakage of 
contrast agent into extravascular extracellular space. The 
Kep value gradually increased and reached a peak on day 9, 
then gradually decreased and returned to the baseline level 
(F = 45.901, P < 0.001), indicating an increased elimination 
of effusion from the interstitial space and a new balance in 
the exchange of contrast agent between extravascular and 
intravascular space. The AUC 180 values gradually increased 
until day 6 and began to decline after a short plateau on day 
9 (F = 23.514, P < 0.001), indicating that the contrast agent 
increasingly accumulated in the tumour vessels, which were 
inhibited afterwards. The trend of the R2* value tended to 
be an inverted triangle, which gradually decreased from 0 
to 9 days and then rose after reaching the valley value on 
day 9 (F = 89.323, P < 0.001), indicating an initial relief in 
tumour hypoxia. However, the trend was reversed due to 
tumour regrowth and decreased microvessel density. All 
the results were statistically significant. No statistically 
significant differences in Ktrans (F = 0.770, P = 0.576), Kep 
(F = 0.517, P = 0.762), Ve (F = 0.559, P = 0.731) and R2* 
values (F = 1.981, P = 0.101) were found in Group A.

Histological results

Representative sections of HE, HIF-1α, fibronectin, 
TUNEL and CD31 and α-SMA double staining from 
Groups A and B at different time points are shown in 
Figs. 5 and 6, and the quantitative results from Groups 
A and B for each parameter are shown in Tables 1, 2 and 

Fig. 4. As we merely needed to compare the treatment 
effects in Groups C and D, only HE and TUNEL staining 
were performed and are shown in Fig. 7. Their quantita-
tive results are listed in Table 3 and Fig. 4. In Group B, 
HE staining showed that the tumour cells were densely 
and disorderly arranged before treatment. The size and 
morphology of the nucleus varied from one tumour to 
another, from one location in a tumour to another, and 
the cytoplasm was filled with mucus. At low magnifica-
tion, multiple large fat vacuoles were found in the tumour. 
After bevacizumab administration, HE staining showed an 
increased necrotic area in the tumour. Nuclear pyknosis, 
fragmentation, cell debris and homogeneously red-stained 
cytoplasm could be observed. More obvious necrosis was 
found in Groups C and D, especially on days 12 and 15. 
Similar changes were also observed in Group A, but the 
difference between consecutive time points was non-sig-
nificant. Quantitatively, Group D, which induced dramatic 
apoptosis of tumour cells, showed the highest percent-
age of TUNEL-positive staining on day 15, followed by 
Groups C, B and A (Fig. 1b).

In the double-stained sections of Group B, green stain-
ing of α-SMA gradually increased 3 days after admin-
istration, indicating an increased coverage of pericytes. 
Quantitative analysis showed that the percentage of red-
stained CD31, a marker of microvessel density, showed 
a transient increasing trend from 0 to 6 days after treat-
ment and then gradually decreased until 15 d (F = 17.945, 
P < 0.001), indicating a delayed anti-angiogenic effect. 
VMI representing vascular maturity gradually increased 
from 0 to 9  days and then decreased until day 15 
(F = 39.867, P < 0.001). The positively stained percent-
age of fibronectin increased until day 12 and reached a 
plateau after day 12 (F = 64.494, P < 0.001), indicating 

Fig. 1  Longitudinal assessments of the tumour volumes and TUNEL staining in the four groups. The data are presented as the mean ± standard 
deviation. *P < 0.05, **P < 0.01 and ***P < 0.001 refer to comparisons between groups at corresponding time points using one-way ANOVA
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Fig. 2  Conventional MR sequences (T1WI and T2WI) and pseudo-
colour images (Ktrans, Ve, Kep, AUC 180 and R2*) of a representative 
bevacizumab-treated tumour section (Group B) before and at different 
time points after the treatment. All images were presented in a two-
dimensional axial position. The circles denote tumour areas. The col-
our ranging from blue to red represents the values ranging from low 
to high. Scattered high signals were found on days 9 and 15 (T2WI, 

arrows). No abnormal signal was found on T1WI. Ktrans  (min−1) is the 
volume transfer coefficient, Ve is the volume fraction of extravascu-
lar extracellular space, Kep  (min−1) is the rate constant of backflux, 
AUC 180 is the initial area under the time-signal intensity curve within 
180  s of contrast inflow and R2*  (s−1) is the transverse relaxation 
rate. The voxels without a covered colour indicated non-physiological 
values and were excluded from analysis
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Fig. 3  Conventional MR sequences (T1WI and T2WI) and pseudo-
colour images (Ktrans, Ve, Kep, AUC 180 and R2*) of a representative 
saline-treated tumour section (Group A) before and at different time 
points after the treatment. All images were presented in a two-dimen-
sional axial position. The  circles denote tumour areas. The colour 
ranging from blue to red represents the values ranging from low to 
high. A small patch of high signal appeared at the periphery and cen-
tre of the tumour on days 6 and 9, indicating tumour haemorrhage 

(T1WI, arrowheads). A number of patchy areas of high-signal areas 
appear in the tumour core on day 6 to day 15 (T2WI, arrows). Ktrans 
 (min−1) is the volume transfer coefficient, Ve is the volume fraction 
of extravascular extracellular space, Kep  (min−1) is the rate constant 
of backflux, AUC 180 is the initial area under the time-signal intensity 
curve within 180 s of contrast inflow and R2*  (s−1) is the transverse 
relaxation rate. The voxels without a covered colour indicated non-
physiological values and were excluded from analysis
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an increased synthesis of extracellular matrix. The posi-
tively stained percentage of HIF-1α, which characterises 
the degree of hypoxia, increased briefly after adminis-
tration, then gradually decreased from 3 to 9 days, and 
rose again after a short plateau of 9–12 days (F = 24.356, 
P < 0.001). There was no significant trend in each indica-
tor of Group A (P > 0.05).

Correlation results

The R2* value showed positive correlations with HIF-1α 
(r = 0.810, P = 0.015) and fibronectin positive staining rate 
(r = 0.816, P = 0.013). The Pearson correlation coefficients 
and P values between Ktrans and CD31 were r = 0.854, 
P = 0.007; Ktrans and VMI were r = 0.795, P = 0.018; Ve and 
CD31 were r = 0.744, P = 0.034; Ve and VMI were r = 0.712, 
P = 0.048; Kep and CD31 were r = 0.729, P = 0.040; Kep and 
VMI were r = 0.758, P = 0.029; AUC 180 and CD31 were 
r = 0.750, P = 0.032; AUC 180 and VMI were r = 0.808, 

P = 0.015. Ktrans showed the strongest correlation with 
CD31, while the R2* value was more closely correlated with 
fibronectin staining.

Discussion

Angiogenesis plays an important role in tumourigenesis, 
providing nutrients for its growth and passage for distant 
metastasis. The concept of “anti-tumour angiogenesis” 
was initially proposed by Professor Folkman in 1971. 
However, the treatment efficacies of anti-angiogenesis 
monotherapy were not as ideal as expected [6, 21]. In 
contrast to previous clinical studies, our study aimed to 
explore microenvironmental changes, including micro-
circulation perfusion and tumour invasiveness, during 
anti-angiogenesis treatment with more objective imag-
ing techniques and the potential effect of bevacizumab on 

Table 1  The quantitative results of MRI-derived parameters, pathological indicators and tumour volume in Group A

The P values are generalised from repeated measures analysis of variance among different time points in each group

Group A Base 3 days 6 days 9 days 12 days 15 days F P

R2*(s−1) 25.388 ± 1.122 26.075 ± 1.036 25.088 ± 0.779 24.700 ± 1.218 24.513 ± 1.745 24.375 ± 1.537 1.981 0.101
Ktrans  (min−1) 0.138 ± 0.005 0.147 ± 0.008 0.142 ± 0.009 0.145 ± 0.011 0.146 ± 0.012 0.145 ± 0.015 0.77 0.576
Ve 0.587 ± 0.083 0.610 ± 0.059 0.578 ± 0.047 0.614 ± 0.042 0.619 ± 0.058 0.603 ± 0.070 0.559 0.731
Kep  (min−1) 0.754 ± 0.034 0.739 ± 0.069 0.770 ± 0.029 0.764 ± 0.040 0.749 ± 0.045 0.749 ± 0.045 0.517 0.762
AUC 180 (mM s) 0.785 ± 0.032 0.778 ± 0.040 0.766 ± 0.030 0.752 ± 0.036 0.770 ± 0.057 0.779 ± 0.046 0.654 0.660
CD31 (%) 38.2 ± 3.8 36.1 ± 3.7 40.6 ± 3.7 42.6 ± 3.2 38.1 ± 3.4 40.7 ± 2.9 1.645 0.202
VMI (%) 54.2 ± 1.6 46.1 ± 3.2 53.2 ± 4.4 47.8 ± 4.9 50.7 ± 3.1 48.0 ± 3.3 2.871 0.050
HIF-1a (%) 39.3 ± 5.6 38.4 ± 2.6 40.6 ± 2.6 40.6 ± 2.8 43.9 ± 2.3 39.7 ± 3.5 0.937 0.482
Fibronectin(%) 23.6 ± 3.0 22.4 ± 4.2 20.8 ± 5.7 18.6 ± 4.4 20.2 ± 4.1 21.2 ± 3.8 0.564 0.726
TUNEL (%) 16.1 ± 2.9 16.6 ± 3.8 17.5 ± 4.2 21.8 ± 3.5 26.1 ± 2.9 33.1 ± 3.2 20.697 0.001
Tumour volume  (mm3) 224.9 ± 23.5 373.0 ± 20.3 467.8 ± 52.4 624.3 ± 54.5 867.8 ± 67.3 1051.3 ± 112.3 195.697 0.001

Table 2  The quantitative results of MRI-derived parameters, pathological indicators and tumour volume in Group B

The P values are generalised from repeated measures analysis of variance among different time points in each group

Group B Base 3 days 6 days 9 days 12 days 15 days F P

R2*(s−1) 24.813 ± 0.961 24.675 ± 1.070 21.425 ± 1.371 17.850 ± 0.885 24.613 ± 0.640 27.013 ± 0.734 89.323 0.001
Ktrans  (min−1) 0.135 ± 0.005 0.147 ± 0.006 0.175 ± 0.009 0.161 ± 0.006 0.140 ± 0.005 0.116 ± 0.008 81.386 0.001
Ve 0.652 ± 0.006 0.559 ± 0.026 0.466 ± 0.016 0.286 ± 0.027 0.363 ± 0.020 0.246 ± 0.033 384.290 0.001
Kep  (min−1) 0.788 ± 0.030 0.804 ± 0.036 0.983 ± 0.059 1.105 ± 0.091 0.840 ± 0.047 0.786 ± 0.041 45.901 0.001
AUC 180 (mM s) 0.823 ± 0.043 0.907 ± 0.052 1.125 ± 0.130 1.128 ± 0.163 0.887 ± 0.061 0.731 ± 0.040 23.514 0.001
CD31 (%) 36.7 ± 5.1 50.5 ± 01.7 56.7 ± 4.8 45.8 ± 2.0 32.1 ± 6.4 29.8 ± 5.9 17.945 0.001
VMI (%) 55.6 ± 2.0 55.7 ± 1.7 65.3 ± 2.8 81.5 ± 6.8 65.9 ± 2.8 52.1 ± 2.6 39.867 0.001
HIF-1a (%) 43.1 ± 2.9 51.6 ± 5.1 41.4 ± 1.2 30.4 ± 4.2 31.9 ± 4.0 50.0 ± 3.1 24.356 0.001
Fibronectin (%) 21.3 ± 4.5 31.4 ± 3.2 43.6 ± 4.4 49.2 ± 4.3 61.4 ± 3.6 59.6 ± 3.4 64.494 0.001
TUNEL (%) 16.1 ± 2.1 19.3 ± 3.8 25.9 ± 4.3 30.7 ± 4.4 41.2 ± 5.3 38.9 ± 3.9 24.099 0.001
Tumour volume  (mm3) 229.5 ± 22.7 276.9 ± 32.1 300.9 ± 29.7 359.8 ± 46.5 478.3 ± 47.7 712.3 ± 43.3 174.648 0.001
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conventional chemotherapy. Our results showed a good 
response to current issues.

In our study, although monotherapy with bevacizumab or 
oxaliplatin manifested a certain inhibitory effect on tumour 
growth compared with the control group, the tumour still 
maintained a steady growth tendency after treatment. How-
ever, the growth trend was significantly inhibited or even 
reversed in Group D. TUNEL staining also confirmed that a 
larger area of cell apoptosis appeared in the tumour during 
combination therapy, compared with other groups.

Previous research mainly confirmed the vascular nor-
malization process via pathological examinations in ani-
mal models [22], but this approach is not suitable for 

continuous clinical monitoring, and the structural changes 
may lag behind functional changes. In a previous study, 
Shi et al. [23] observed the therapeutic response of a vas-
cular disrupting agent (VDA) (combretastatin A4 phos-
phate) on a non-small cell lung cancer xenograft model 
using functional DCE-MRI and found that the Ktrans 
value had a good predictive value in the acute vascular 
disrupting effect and short-term efficacy. Therefore, we 
also used DCE-MRI to evaluate the anti-tumour effect 
of anti-angiogenic agents and found that Ktrans gradually 
increased within 6 days after bevacizumab administration. 
Ktrans is related to microcirculation perfusion and micro-
vascular permeability. Previous studies have reported that 

Fig. 4  Longitudinal assessments of the MRI parameters and patho-
logical indicators in Group A (blue lines) and Group B (red lines). 
Data points are plotted as the mean ± standard deviation. *P < 0.05, 

**P < 0.01 and ***P < 0.001 refer to comparisons between Groups A 
and B at respective time points using two independent-samples t test
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anti-angiogenic agents can promote the proliferation of 
pericytes and repair of the basement membrane of tumour 
vessels, which can reduce the high permeability level of 
newborn microvessels, promote vessel maturation and 
temporarily normalise vessel function [24, 25]. There-
fore, the leakage of contrast agent is reduced, causing an 
increase in tumour perfusion as well as the Ktrans value. 
This may also help to reduce the interstitial fluid pressure 
and improve drug delivery. Ktrans showed a downward trend 
after day 6 and reached the lowest value on day 15. It is 
speculated that inhibition of neovascularization may lead 
to a subsequent decrease in the overall microcirculation 
perfusion, and the decrease in vascular permeability led 
to a reduction in the exchange of contrast agent and Ktrans 
value. Ve mainly showed a decreasing trend until day 15 
but transiently increased on days 9 to 12 after treatment. 
Except for the effect of vascular normalization, the volume 
fraction of contrast agent accumulating in extravascular 
extracellular space increases with decreased tumour cel-
lularity and interstitial fluid pressure due to an increased 
area of tumour necrosis after anti-angiogenic treatment. 
The α-SMA and CD31 double staining also confirmed the 
increase in pericyte coverage and decrease in microvessel 

density during anti-vascular treatment. AUC 180 is another 
valuable parameter that can semiquantitatively measure the 
accumulated exchange amount of contrast agent delivering 
to extravascular space from tumour vessels. It manifested a 
slow increase until day 6 and began to decline after a short 
plateau on day 9, indicating an increase in blood supply on 
days 3 to 9. This further confirmed the reparation of vessel 
function, which may increase the oxaliplatin delivery in 
Group D. In addition, we found that Ktrans, Kep, AUC 180 and 
VMI values were higher than their baseline values on days 
3–12, which provided a certain reference to determine the 
range of vascular normalization. However, the results were 
inconsistent with the time ranges reported in a previous 
study (2–6 days after administration) [26]. We speculated 
that the observation time was not long enough, and only 
a single dose of bevacizumab was applied, which cannot 
guarantee a persistent and stable drug concentration in a 
previous study. However, we intermittently applied a low 
dose of bevacizumab five times in this study. The DCE-
MRI showed a longer vascular normalization process, 
indicating that the time range was not constant. A previ-
ous study reported that excess VEGF-A disrupted pericyte 
recruitment and interfered with vascular development [27]. 

Fig. 5  Representative HE (× 100), HIF-1α (× 100), α-SMA/CD31 
(× 200), fibronectin (× 200) and TUNEL staining (× 100) at base-
line and at different time points after the treatment in Group A. The 

nucleus was stained in blue, α-SMA in green and CD31 in red. Apop-
tosis was manifested in green in TUNEL staining and fibronectin in 
red in fibronectin staining



467Angiogenesis (2019) 22:457–470 

1 3

Fig. 6  Representative HE (× 100), HIF-1α (× 100), α-SMA/CD31 
(× 200), fibronectin (× 200) and TUNEL staining (× 100) at base-
line and at different time points after the treatment in Group B. The 

nucleus was stained in blue, α-SMA in green and CD31 in red. Apop-
tosis was manifested in green in TUNEL staining and fibronectin in 
red in fibronectin staining

Fig. 7  Representative HE (× 100) and TUNEL staining (× 100) at baseline and at different time points after the treatment in Groups C and D. 
Apoptosis cells are shown in green in TUNEL staining
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In our study, we found that bevacizumab can increase peri-
cyte coverage and vessel maturity. Rational application of 
bevacizumab could balance the anti-angiogenic effect and 
vascular normalization phenomenon that helped for longer 
effective reaction times of chemotherapy. The Ktrans value 
showed stronger correlations with CD31 and VMI values 
with more consistent trends compared with the Kep, Ve and 
AUC 180 values, suggesting that Ktrans is a better imaging 
indicator in reflecting vessel maturity and predicting the 
vascular normalization process.

Hypoxia is an important reason for chemoradiotherapy 
resistance. Detection of hypoxia and improvement of the 
hypoxic microenvironment are important issues for anti-
tumour treatment. In a recent study, Liang et al. [28] inves-
tigated the therapeutic efficacy of another VDA (desa-
cetylvinblastine monohydrazide) on a hepatocarcinoma 
xenograft model using BOLD-MRI and found that R2* 
had a close relationship with tumour hypoxia during VDA 
treatment. Therefore, BOLD-MRI was also applied to 
evaluate the oxygen metabolism after anti-vascular treat-
ment and found that the R2* value gradually decreased 
within 9 days after treatment and reversed after reaching 
the valley value on day 9. The initial decrease in the R2* 
value was mainly due to the vascular normalization effect 
of bevacizumab, which temporarily increased tumour per-
fusion and relieved tumour hypoxia. Afterwards, inhibi-
tion of angiogenesis and tumour regrowth contributed to 
tumour hypoxia and an increased R2* value. The timing 
that R2* rose was different from previous studies [28]. 
The reason was mainly due to the hyperacute disrupting 
effect of VDAs that can rapidly destroy the pre-existing 
vasculature in the tumour, whereas bevacizumab merely 
inhibits neovascularization. In addition, the R2* value 
showed a good correlation and a relatively consistent trend 
with HIF-1α, suggesting that the R2* value could predict 
tumour hypoxia during anti-angiogenic therapy. The syner-
gistic effect of bevacizumab in tumour chemotherapy may 

also be attributed to improved tumour hypoxia from day 3 
to day 12, which was detected by BOLD-MRI.

In our study, the positive percentage of fibronectin, a 
major component of the tumour microenvironment and 
biomarker of epithelial–mesenchymal transition [29], 
gradually increased and reached a plateau on day 12 after 
bevacizumab treatment. The α5β1 integrin is a specific 
receptor of fibronectin on the surface of tumour cells. 
When the expression of fibronectin increases, the adhesion 
between tumour cells and extracellular matrix is enhanced, 
restricting cell migration and metastasis [30]. In the cur-
rent study, we found that bevacizumab can improve tumour 
perfusion and relieve hypoxia by temporarily normalising 
the vascular structure and function, promoting the syn-
thesis of fibronectin in the extracellular matrix. It did not 
degrade rapidly with changes in the microenvironment, 
and the cumulative effect contributed to an upward trend 
after treatment. The R2* value showed a positive correla-
tion with fibronectin, suggesting that it can also be used to 
assess tumour invasiveness during anti-vascular treatment.

There were still some limitations in this study. First, to 
ensure the consistency of MRI examinations, we set up 
another parallel group for pathological comparison, and 
the correspondence between MR parameters and patho-
logical findings decreased to a certain extent. Second, 
continuous contrast-enhanced imaging in the short term 
required multiple injections of contrast agents, which 
posed a certain risk to the organism. Third, we had not 
performed IVIM-DWI and had not compared its diagnos-
tic performance with that DCE-MRI; it remains unclear 
which imaging sequence is superior for predicting the vas-
cular normalization process. Finally, we did not calculate 
the tumour cellularity and performed a correlation analysis 
with Ve due to a low-colour contrast between the necrotic 
area and the viable area in our HE staining. The credibility 
of interpretation in Ve decreased to a certain extent.

In conclusion, bevacizumab can improve pericyte 
coverage and temporarily increase tumour perfusion by 

Table 3  The TUNEL-positive 
staining results and tumour 
volumes in Group C and D

The P values are generalised from repeated measures analysis of variance among different time points in 
each group

Group C Group D

TUNEL (%) Tumour volume  (mm3) TUNEL (%) Tumour volume  (mm3)

Base 14.7 ± 3.4 218.5 ± 29.6 15.5 ± 3.1 210.0 ± 25.9
3 days 23.6 ± 2.9 303.4 ± 30.1 22.1 ± 3.7 256.0 ± 22.2
6 days 30.0 ± 6.1 360.5 ± 16.9 37.9 ± 2.3 284.0 ± 26.1
9 days 39.1 ± 4.2 425.9 ± 35.8 54.9 ± 2.3 329.2 ± 26.1
12 days 51.1 ± 4.6 487.1 ± 26.0 61.8 ± 6.1 313.3 ± 37.1
15 days 56.7 ± 4.1 504.9 ± 36.3 65.1 ± 4.0 279.9 ± 50.4
F 61.633 110.4 113.813 13.414
P 0.001 0.001 0.001 0.001
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normalising vessel structures and function. Intermittent 
application of low-dose angiogenesis inhibitors will not 
strongly inhibit neovascularization but will prolong the 
vascular normalization process and relieve tumour hypoxia. 
We found that bevacizumab monotherapy was not suf-
ficient to inhibit tumour growth and was effective only if 
combined with oxaliplatin, which significantly enhanced 
its anti-tumour efficacy. The fact that the effect is synergis-
tic rather than additive may result from an increase in drug 
delivery and relief in hypoxia-related treatment resistance, 
the mechanisms of which were confirmed by DCE-MRI and 
BOLD-MRI in our study. Ktrans was closely correlated with 
tumour perfusion and vessel permeability, which is the best 
imaging marker to evaluate vessel maturity and determine 
the vascular normalization process, while R2* has a higher 
predictive value in tumour hypoxia and metastatic potential 
during anti-vascular treatment.
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