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Abstract: Purpose: To test the feasibility of semi-quantitative dynamic contrast-enhanced magnetic resonance im-
aging (DCE-MRI) parameters for evaluating tumor hypoxia in a maxillofacial VX2 rabbit model. Methods: Eight New
Zealand rabbits were inoculated with VX2 cell solution to establish a maxillofacial VX2 rabbit model. DCE-MRI were
carried out using a 1.5 Tesla scanner. Semi-quantitative DCE-MRI parameters, maximal enhancement ratio (MER)
and slope of enhancement (SLE), were calculated and analyzed. The tumor samples from rabbits underwent hema-
toxylin-eosin (HE), pimonidazole (PIMO) and vascular endothelial growth factor (VEGF) immunohistochemistry (IHC)
staining, and the PIMO area fraction and VEGF IHC score were calculated. Spearman’s rank correlation analysis
was used for statistical analysis. Results: The MER values of eight VX2 tumors ranged from 1.132 to 1.773 (1.406
+ 0.258) and these values were negatively correlated with the corresponding PIMO area fraction (p = 0.0000002),
but there was no significant correlation with the matched VEGF IHC score (p = 0.578). The SLE values of the eight
VX2 tumors ranged from 0.0198 to 0.0532 s* (0.030 + 0.011 s?). Correlation analysis showed that there was a
positive correlation between SLE and the corresponding VEGF IHC score (p = 0.0149). However, no correlation
was found between SLE and the matched PIMO area fraction (p = 0.662). The VEGF positive staining distribution
predominantly overlapped with the PIMO adducts area, except for the area adjacent to the tumor blood vessel.
Conclusions: The semi-quantitative parameters of DCE-MRI, MER and SLE allowed for reliable measurements of the
tumor hypoxia, and could be used to noninvasively evaluate hypoxia during tumor treatment.

Keywords: Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI), hypoxia, semi-quantitative analy-
sis, imaging biomarker, VX2 tumor, rabbits

Introduction common in many tumors and is closely related
to the tumor response to conventional therapy,
including radiotherapy and chemotherapeutic

agents, and its progression and prognosis [2, 5,

Tumor hypoxia is closely associated with tumor
growth, proliferation, metastasis and therapy

[1-3]. Studies have shown that most solid
tumors contain three components with hetero-
geneous oxygen metabolism, resulting in differ-
ent pathophysiologic characteristics in these
three different areas (proliferative, quiescent
and necrotic areas) [1, 4, 5]. One of these pa-
thophysiologic features of tumor, hypoxia, is

6]. Therefore, the development of methods for
detecting tumor hypoxia in vivo is important to
guiding tumor therapy.

Currently, there are invasive and noninvasive
modalities, including oxygen electrode mea-
surements and positron emission tomography
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Figure 1. A graphical interpretation of the study design.

(PET), for detecting hypoxia in vivo [3, 7].
Oxygen electrode techniques, which directly
measure the oxygen levels in tumor, have been
successfully applied to many preclinical and
clinical studies for assessing the oxygenation
of malignancies. Yet, there are some concerns,
such as the invasive nature, difficulty of access-
ing tumors, inability to monitor the entire tumor,
inaccuracy in estimating and reading the mea-
surements, capillary and tissue parenchyma
damage by electrodes, etc., that have limited
its potential usefulness in oncology fields [3, 7,
8]. In recent decades, PET, as a promising non-
invasive imaging modality, has emerged for
detecting tumor oxygenation in vivo. Numerous
reports have been published about the applica-
tion of PET to evaluate hypoxia in tumor biology
and therapeutics studies. However, this modal-
ity’s inherent limitations, including low spatial
resolution, inaccuracy of anatomy, the adminis-
tration of an exogenous radioactive ‘tracer’,
high cost, etc., have hindered it from being an
optimal modality for detecting hypoxia in oncol-
ogy [3, 8, 9]. Clearly, these modalities are not
the ideal imaging methods for monitoring tumor
hypoxia due to their noted disadvantages.
Therefore, the development of a reliable imag-
ing modality or imaging biomarker for measur-
ing the oxygen concentration in tumors is highly
warranted.

At present, magnetic resonance imaging (MRI)
is increasingly used due to its prominent advan-
tages, such as the lack of radiation, superior
soft tissue contrast and availability for anatomi-
cal and functional imaging in the oncology field
[10-18]. Studies on a variety of animal models
and human tumors have shown that MRI can
be used for tumor diagnosis and staging, char-
acterization risk stratification, predicting and
monitoring the response to treatment, progno-
sis and follow-up, and the development of new
drugs and therapeutic paradigms [10-18]. In
particular, dynamic contrast-enhanced mag-
netic resonance imaging (DCE-MRI) provides
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morphological and volumetric parameters of
the tumors and functional parameters such as
contrast enhancement kinetics and perturba-
tions in the tumor blood supply that are related
to the tumor oxygenation levels, cellularity and
vascularity, which are crucial for cancer man-
agement and treatment [10, 12-14, 16]. Our
previous studies also showed that functional
DCE-MRI can be used to evaluate brain metas-
tases in a rabbit animal model [12], and it can
reliably monitor and evaluate the efficacy of
combination gene therapy and radiotherapy on
a rabbit maxillofacial VX2 tumor in vivo using
semi-quantitative parameters such as the max-
imal enhancement ratio (MER) and slope of
enhancement (SLE) [19]. Therefore, we hypoth-
esize that functional DCE-MRI can be used to
evaluate tumor hypoxia. The purpose of this
study is to test the feasibility of DCE-MRI semi-
quantitative parameters for evaluating tumor
hypoxia in a maxillofacial VX2 rabbit model.

Materials and methods
Study design

This preclinical proof-of-concept study was
undertaken using the rabbit VX2 model to vali-
date the semi-quantitative parameters of DCE-
MRI for precisely predicting tumor hypoxia. The
study was designed to (i) study the feasibility of
establishing a rabbit maxillofacial VX2 rabbit
model; (ii) conduct a DCE-MRI study and docu-
ment the semi-quantitative parameters of DCE-
MRI; and (iii) measure pathological changes in
tumors associated with semi-quantitative par-
ameters of DCE-MRI (Figure 1).

Animals

This study fulfilled the recommendations in the
guide for the care and use of laboratory ani-
mals by the authority of the People’s Republic
of China. The protocol was approved prior to
study by an institutional ethics committee at
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Table 1. MRI technical parameters of TAWI, T2WI and DCE-MRI

Sequence  Acquisition plane TR (msec) TE (msec) FOV (mm) Matrix FA Slice thickness (mm) In-plane resolution (mm?)
TiWI SE Sagittal, dorsal 350 15 120 x 120 256 x 160 N/A 3 0.35
T2WI FSE Sagittal, dorsal 3000 90 120 x 120 256 x 160 N/A 3 0.35
DCE-MRI GRE Dorsal 10 2 120 x 120 256 x 160 20° 3 0.35

Note: TAWI = T1-weighted image, T2WI = T2-weighted image, DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, SE = Spine echo, FSE = Fast spine echo, GRE =
Gradient echo, TR = Repetition time, TE = Echo time, FOV = Field of view, FA = Flip angle, and N/A = Not applicable.

Table 2. Summary of clinical features, MRI findings, DCE-MRI parameters and histopathological results in eight rabbits

MRI findings . )
L Histopathological
Clinical features . DCE-MRI
Conventional MRI results
parameters
Case ID Lymph node
Tumor growth ~ Tumor metastasis . . PIMO area VEGF
; & ) 3 T1WI signal T2WI signal T1WI enhancement MER SLE (s) S
time (Days) size (cm3) (Yes or No)/ fraction (%) IHC score

number (n)
R1 10 0.8 No/O Iso Mild hyper Homogeneous 1.773 0.0236 21 8
R2 12 1.6 No/O Iso Mild hyper Homogeneous 1.773 0.0249 19 8
R3 14 1.5 Yes/1 Iso Mild hyper Homogeneous 1.194 0.0234 32 6
R4 16 1.9 No/O Iso Mild hyper Heterogeneous 1.132 0.0365 28 9
R5 18 2.1 Yes/1 Iso Iso-to-hyper Homogeneous 1.386 0.0338 21 8
R6 20 2.2 Yes/2 Iso Iso-to-hyper Homogeneous 1.236 0.0269 25 6
R7 22 3.7 No/O Mixed hypo and iso  Mild hyper, with central hyper Heterogeneous, with irregular central necrosis  1.223  0.0532 27 9
R8 24 5.4 Yes/1 Mixed hypo and iso  Mild hyper with central hyper Heterogeneous, with irregular central necrosis  1.527  0.0198 22 6
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First People’s Hospital, Shanghai Jiao Tong
University. Eight healthy adult New Zealand
white rabbits (weighing 1.2-1.5 kg, no gender
limit; purchased from Shanghai Baomu
Experimental Animal Farm, Shanghai, China)
were enrolled in the present study. All rabbits
were anesthetized with a mixture of No.2
Sumianxin  (Veterinary Institute, Quarter-
master University of PLA, Changchun, China)
and ketamine (Shanghai Zhongxi Pharmace-
utical (Group) Co., Ltd., Shanghai, China) (1:2.5
v/v; 0.3 ml/kg, intramuscular injection [IM]). All
efforts were made to relieve suffering for every
procedure.

VX2 tumor cell solution preparation

The implanted VX2 tumor was originally grown
in the right hind limb of two donor rabbits (main-
tained at our institute). When the VX2 tumor in
the donor rabbits grew to approximately 1-2 cm
in diameter, the donor rabbits were anesthe-
tized with a combination No.2 Sumianxin and
ketamine (IM) and held in the prone position on
the operation table; the right hind limb hair was
shaved and the skin was disinfected with 70%
ethyl alcohol. Then, the donor tumors were
removed under aseptic surgery and placed in a
sterile container with 0.9% saline. After two
washes with 0.9% saline, the cell solution was
prepared according to our previously published
protocol [12, 19] and diluted with 0.9% saline
to a cell concentration of approximately 1068-
108 cells/ml for the following inoculation.

Maxillofacial VX2 tumor model establishment

Each rabbit enrolled in this study was anesthe-
tized as mentioned above. After anesthesia,
the right side of maxillofacial was shaved with a
shaver and disinfected with 70% ethyl alcohol.
The 0.5 ml VX2 cell solution was injected into
each rabbit’s masseter muscle, approaching to
the angle of the mandible approximately 1 cm
with a 2 ml springe. After the tumor inoculation,
each rabbit was subcutaneously injected with
meloxican (0.3 mg/kg) every 24 hour for up to
four days. The inoculated rabbits were returned
to storage facilities with free access to water,
regular food and a normal light-dark cycle for
tumor growth and subsequent study.

MRI

When the tumors grew to the required volumes
after 1-4 weeks of inoculation, the MR studies
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were undertaken using a 1.5 Tesla clinical
Signa Horizon MRI scanner with a knee coil (GE
Medical Systems, Waukesha, WI, USA). The
rabbits were placed in the prone position and
the different sequences’ images, including the
T1-weighted image (T1WI), T2-weighted image
(T2WI) and DCE-MRI image, were acquired
under combination No.2 Sumianxin of ket
amine anesthesia. The TAWI acquisition param-
eters were as follows: sagittal and dorsal plane
acquisition, spine echo (SE) sequence, field of
view (FOV) of 120 mm x 120 mm, matrix of 256
x 160, repetition time (TR)/echo time (TE) of
350/15 msec, slice thickness of 3.0 mm, in-
plane resolution of 0.35 mm?, slice interval of
0.5 mm, number of excitations (NEX) of 2, free-
breathing and no trigger (Table 1). T2WI was
obtained with sagittal and dorsal plane acquisi-
tion, fast SE sequence, FOV of 120 mm x 120
mm, matrix of 256 x 160, TR/TE of 3000/90
msec, slice thickness of 3.0 mm, slice interval
of 0.5 mm, in-plane resolution of 0.35 mm?,
echo train length of 12-18, NEX of 2, free-
breathing and no trigger (Table 1). DCE-MRI
scans were performed with dorsal plane acqui-
sition, a gradient echo (GRE) sequence, FOV of
120 mm x 120 mm, matrix of 256 x 160, TR/
TE of 10/2 msec, slice thickness of 3.0 mm,
slice interval of 0.5 mm, in-plane resolution of
0.35 mm?, flip angle (FA) of 20°, NEX of 1, free-
breathing and no trigger (Table 1). We first per-
formed TAWI and T2WI acquisition sequentially
and then obtained a mapping image prior to
DCE-MRI scanning. After these, DCE-MRI was
started simultaneously with an intravenous (1V)
injection of gadolinium-diethylenetriamine pen-
taacetic acid (Gd-DTPA; Magnevist, 1 ml/kg,
Bayer Schering Pharma AG, Berlin, Germany)
and repeated at 12, 18, 42 and 150 sec into
the examination (Figure 2A-C). IV bolus injec-
tion of Gd-DTPA was administered via ear vein
using an automatic power injector at a 0.2 ml/
sec flow rate. The total acquisition time and
DCE-MRI slice was 152 sec, for 60 slices,
respectively. Finally, the conventional contrast-
enhanced T1WI was carried out with the afore-
mentioned parameters.

Image interpretation and DCE semi-quantita-
tive analysis

Two radiologists (YL and GZ, with 10 and 20
years of MRI experience, respectively) analyzed
the image data. First, the tumor image features,
including the site, number, size, signal, adja-
cent changes and lymph node metastases,
were recorded and read. Second, the maximal
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Figure 2. Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) and image analysis. Representative
DCE-MRI images of tumor at 12 sec (A), 42 sec (B) and 150 sec (C) during DCE-MRI scanning. The dashed line in
(C) indicates a representative region of interest (ROI) for image analysis. The time-intensity curve image for image
analysis is given in (D).

length (a), width (b), and height (c) of the tumors
were measured in a conventional contrast-
enhanced T1WI image; then, the tumor volumes
(Vumor) Were calculated using the formula: vV,
= abc/2 [20]. Finally, we imported the multi-
phase DCE-MRI to the image workstation and
drew a large region of interest (ROIl) approxi-
mately covering the entire tumor (Figure 2C),
except for tumor with distinguishable necrosis.
For the latter tumor, a ROl was defined in the
tumor area without distinguishable necrosis.
The time-signal intensity curve was drawn

539

(Figure 2D) for the measurement of the semi-
quantitative parameters of DCE-MRI with GE
FUNCTOOL software (Advantage workstation
version 4.2, GE Medical Systems, Waukesha,
WI, USA). The measured parameters were simi-
lar to our previous methods [19] and literature
[16], which were defined as follows: (a) initial
enhancement time (Tpre, s), representing when
the curve starts to rise; (b) initial enhancement
signal (Slpre), representing the relative signal
intensity when the curve starts to rise; (c) maxi-

mum enhancement time (T__, s), representing
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when the curve arrives at a peak; and (d) maxi-
mum enhancement signal (SI__ ), representing
the relative signal intensity when the curve
arrives at a peak. Finally, the tumor MER was
calculated using the formula: MER = (SI__ -

SISl and SLE was measured with SLE =
MERAT _-T ) [19].

max pre

Tumor sample preparation

After the MRI scanning, each rabbit was imme-
diately administered 1-[(2-hydroxy-3-piperidin-
yl)-propyl]-2-nitroimidazole hydrochloride (Pim-
onidazole hydrochloride, PIMO; Chemicon Int.,
Temecula, CA, USA) at a dose of 60 mg/kg body
weight (freshly dissolved in 0.9% saline) via ear
vein for 1 hour. Then, we euthanized the rabbits
with sodium pentobarbital (120 mg/kg, intrave-
nous injection) and harvested tumors in each
rabbit. Next, the fresh tumors were placed in a
container filled with 10% neutral buffered for-
malin for 24 hours to fix them, which was fol-
lowed by dehydration with gradient alcohol and
embedding with paraffin. Finally, three 5-um
sections were contiguously cut from five sites
of each tumor block. For each set of consecu-
tive sections, the first section was stained with
hematoxylin-eosin (HE), the second section
with PIMO, and the last section with vascular
endothelial growth factor (VEGF) immunohisto-
chemistry (IHC). After heating the slides at 40°
for 5-6 hours in a warming oven, all were
dewaxed with dimethyl benzene (5 min, x 2, at
room temperature [RT]) and re-hydrated with
gradient alcohol (100%, 100%, 95%, 85%,
70%, 50%, and 30%; each 3 min, x 1; at RT)
and distilled water (3 min, x 1, at RT) with the
following staining.

HE staining

The standard HE staining was performed
according the manufacturer’s instructions and
our previous method [12, 19].

Detection of tumor hypoxia by PIMO staining

For detection of tumor hypoxia, PIMO staining
was performed using HypoxyprobeTM-1 kit
(Chemicon Int., Temecula, CA, USA). The intra-
cellular PIMO adducts were detected according
to the suggested procedure for immunostain-
ing PIMO adducts in formalin-fixed, paraffin-
embedded tissues using a F(ab’)2 secondary
strategy by the manufacturer and a published
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method with minor modification [21, 22]. Brie-
fly, the prepared sections were washed with
phosphate-buffered saline (PBS, pH = 7.2, 10
mM; 3-5 min, x 3) containing 0.2% BrijTM 35
(Fisher BioReagents, Fair Lawn, NJ, USA); then,
the tissue peroxidase was quenched with 3%
H,0, (10 min, x 1; at RT), which was followed by
PBS washing (3-5 min, x 3). Next, the antigen
retrieval of tissues performed with antigen
retrieval agents (Chemicon Int., Temecula, CA,
USA) at 90° for 20 min and cooled to RT. Then,
the non-specific binding site was blocked with
10% fetal bovine serum in a wet incubator box
(20 min, at 37°). Next, Hypoxyprobe-1 MAbl
(1:50, 60 min, at 37°), biotin-conjugated F(ab’)2
(1:500, 10 min, at RT) and streptavidin peroxi-
dase (10 min, at RT) were consecutively added
to the slides and incubated in a wet box. The
slides were washed with PBS between every
step (3-5 min, x 3). Finally, the slides were incu-
bated with 3,3’-diaminobenzidine (DAB; freshly
prepared; Neomarkers, Fermont, CA, USA) chr-
omogen to visualize the antibody complex, and
the tumor cells were counterstained with hema-
toxylin (0.5 min, at RT). All sections were mount-
ed with neutral balsam. For the negative con-
trol, the procedure was identical to the afore-
mentioned except for the substitution of
Hypoxyprobe-1 MAb1 for PBS.

VEGF IHC staining

Slides consecutive to those stained for PIMO
adducts were stained for VEGF with a VEGF IHC
kit (Neomarkers, Fermont, CA, USA). The proto-
col for VEGF IHC staining was used as described
in our previous study [19]. VEGF antigen retriev-
al was carried out using microwave heating (20
min, x 1). The sections were incubated with
involved primary VEGF antibody (1:50, 120 min,
at 37°), secondary antibody (1:100, 10 min, at
RT; Neomarkers, Fermont, CA, USA) and strep-
tavidin peroxidase (10 min, at RT). Other steps
were accomplished similarly as noted above for
PIMO staining and described previously for the
same tumor [19].

Tissue image analysis

All digital images for HE, PIMO and VEGF IHC
staining sections were captured using Zeiss
Axiovision Image Analysis Software (version
3.1, Carl Zeiss Microscopy, LLC, Thornwood,
NY, USA) with a Zeiss Axioplan 2 imaging micro-
scope (Carl Zeiss Microscopy, LLC, Thornwood,
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Figure 3. Representative magnetic resonance (MR) images of tumor (A-C) and hematoxylin-eosin (HE) staining sec-
tion (D). (A) Dorsal T1-weighted image (T1WI) image. (B) Dorsal T2WI image. (C) Dorsal contrast-enhanced T1WI
image. The white arrow in (A-C) shows the tumor. The dashed line in (D) shows the tumor border zone. The T and M
represent the tumor and masseter muscle, respectively. The scale bar in (D) = 20 ym.

NY, USA), and all tissue images analyses were
conducted with one experienced laboratory
investigator and one board certificated path-
ologist.

For the HE section of each rabbit’s tumor sam-
ple, the morphological and cellular analysis
were undertaken to ascertain the presence of
tumor and serve as guidance for the subse-
quent analysis. For quantitative hypoxic area
analysis of PIMO staining sections, images
without obvious and large necrosis were select-
ed. The hypoxic areas were expressed as the

541

PIMO area fraction (%), which was counted by
calculating the percent of positive PIMO tumor
area relative to the total tumor area (fPIMO, %)
[21-26]. The VEGF IHC sections analyses were
performed using quantitative scoring methods,
including multiplying the percentage of immu-
no-positive cells by immune-positive intensity,
which was similar to our previous method [19].

Statistical analysis
Spearman’s rank correlation analyses were car-

ried out between MER or SLE and the PIMO

Am J Transl Res 2015;7(3):535-547
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Figure 4. Correlation analysis of MER and SLE with the pathological staining results, respectively. A. Correlation
between the MER and PIMO area fraction. B. Correlation between the MER and VEGF immunohistochemistry (IHC)
score. C. Correlation between the SLE and PIMO area fraction. D. Correlation between the SLE and VEGF IHC score.

area fraction or the VEGF IHC score, respective-
ly. Spearman’s rank correlation coefficients
were calculated by using SPSS 20.0 software
(SPSS Inc., Chicago, IL, USA). The statistical sig-
nificance level was set at 6=0.05.

Results

Establishment and validation of the maxillofa-
cial VX2 tumor model

VX2 tumors were successfully grown in eight of
the eight rabbits’ masseter muscles where they
were inoculated. The tumor implantation rate
was 100% and tumors were detectable at ten
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days post-inoculation by MRI (Table 2, Figure
3). During the observation period (approximate-
ly four weeks) of VX2 tumor inoculation; none of
the rabbits died and there were no clinical signs
in any of the inoculated rabbits. The tumor size
ranged from 0.8 to 5.4 cm® (2.4 + 1.45 cm3 =
Mean + standard deviation [SD]; Table 2), which
grew for ten to 24 days after implantation
(Table 2). Lymph node metastases were detect-
ed in four implanted rabbits (4/8), and there
were one to two metastatic lymph nodes (Table
2). Adjacent mandible tumor infiltration was
found in one rabbit (1/8). The VX2 tumors were
easily detected as masses inside the masseter
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Figure 5. Representative histopathological slides of PIMO staining (A, B) and the serial slides of VEGF immunohis-
tochemistry (IHC) staining (C). (A) PIMO staining. (B) The magnification image of PIMO staining for the white box
inset of (A). (C) VEGF IHC staining for a section that is serial to the one with PIMO staining in (B). v in panels (A-C)

represents the tumor vessel. The scale bar in (A-C) =20 um.

muscle by MRI examinations. The tumor mass-
es showed iso-intensity (6/8, Figure 3A) or
mixed hypo- and iso-intensity (2/8) in T1WI;
mild hyper-intensity (4/8, Figure 3B) or iso-to-
hyper-intensity (2/8) or mild hyper-intensity
with central hyper-intensity(2/8) in T2WI; and
homogeneous enhancement (5/8, Figure 3C)
or heterogeneous enhancement (1/8) or het-
erogeneous enhancement with irregular cen-
tral necrosis (2/8) in T1 contrast-enhanced
images (Table 2). At necropsy, tumors in all
eight rabbits were ascertained on gross patho-
logical examination (data not shown) and HE
staining (Figure 3D). Histologically, HE staining
slides of all tumors showed neoplasms with
typical VX2 tumor morphological characteris-
tics located within the masseter muscle, which
were accompanied with infiltration into the
masseter muscle without a clear capsule
(Figure 3D).

Semi-quantitative parameters of DCE-MRI

The MER and SLE measurements of tumors in
eight rabbits are shown in Table 2, Figure 4.
The MER value of eight VX2 tumors ranged
from 1.132 to 1.773 (1.406 + 0.258 [Mean *
SD]). These values had a significant negative
correlation with the corresponding PIMO area
fraction (p = -0.992, p = 0.0000002; Figure
4A), but there was no statistically significant
correlation with the matched VEGF IHC score (p
=-0.203, p = 0.578; Figure 4B). The SLE values
of the eight VX2 tumors ranged from 0.0198 to
0.0532s%(0.030 + 0.011 s). Correlation anal-
ysis showed that there was a statistically sig-
nificant positive correlation between the SLE
and corresponding VEGF IHC score (p = 0.794,
p=0.0149; Figure 4D). However, no statistically
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significant correlations were found between the
SLE and matched PIMO area fraction (p =
0.156, p = 0.662; Figure 4C).

PIMO staining and VEGF IHC findings

PIMO staining for detecting tumor hypoxia was
observed in the eight VX2 tumors of eight rab-
bit. The tumor hypoxic cells and areas stained
by PIMO are shown in Figure 5A and 5B. PIMO
adducts were viewed predominantly at areas
where they had some distance from the tumor
blood vessel. Moreover, the further they are
from the tumor blood vessel, the more intense
the PIMO staining of the cells (Figure 5A and
5B). The contiguous VEGF IHC staining section
is shown in Figure 5C. The VEGF positive stain-
ing distribution overlapped the PIMO staining
area with the exception that there is positive
staining of cells adjacent to the tumor blood
vessel (Figure 5C). No significant staining of
negative control samples was observed (data
not shown).

Discussion

In the current study, our results show that semi-
quantitative DCE-MRI parameters can be used
to predict tumor hypoxia in a maxillofacial VX2
rabbit model. We successfully validated the
feasibility of DCE-MRI studies in this rabbit
model. In addition, we have shown that the se-
mi-quantitative method parameters can evalu-
ate the state of oxygenation in tumors.

Oxygen is a critical factor of tumor progression.
For a tumor size beyond 2 mm?3, its prolifera-
tion, growth and metastasis depend on the
angiogenesis and lymphangiogenesis that sup-
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ply adequate nutrients, oxygen and metabo-
lites. When tumor cell expansion accelerates
and exceeds the maximal effective diffuse dis-
tance of oxygen (100-150 pm) from the existing
vascular supply and these subpopulations of
tumor cells become hypoxic with a reduction in
the normal level of tissue oxygen tension [27,
28], which is an important feature of numerous
solid tumors [24, 29]. Mounting evidence sug-
gests that hypoxia can induce increasing VEGF
expression via a series of complicated mecha-
nisms that include hypoxia-inducible factor 1
alpha (HIF-1a)-dependent or -independent
mediated mechanisms [3, 8, 24, 27, 30]. Furth-
ermore, hypoxia in tumors increases metasta-
sis and resistance to chemotherapy and radio-
therapy, resulting in poor prognosis and surviv-
al [27, 29, 30]. However, these pathophysiologi-
cal changes cannot currently be detected
except with biopsy and surgery; therefore,
exploring surrogate molecular biomarkers in
vivo are important to improving cancer treat-
ment as noted above. In this study, our patho-
logical results with PIMO staining and VEGF IHC
showed that there is hypoxia and VEGF overex-
pression in VX2 tumors, which is in accordance
with the previous studies [19, 30]. These
results suggested that this VX2 tumor could be
used as a reliable model to investigate tumor
hypoxia.

Functional MRI has shown potential as a robust,
noninvasive modality for imaging tumor hypoxia
and includes blood oxygen level-dependent
magnetic resonance imaging (BOLD-MRI) and
DCE-MRI. Recently, some studies showed that
BOLD-MRI can be used to monitor visceral adi-
pose tissue oxygenation in humans [31], assess
acute hypoxia in a C3H mammary carcinoma
mice model [32] and depict hypoxia in breast
invasive ductal carcinoma [33]. However, BOLD
MRI depends on changes in paramagnetic
deoxyhemoglobin within red blood cells, which
is sensitive to oxygen in tumor perfusion.
Actually, BOLD signals were used as a marker
of acute hypoxia (perfusion-limited hypoxia),
which was completely different from chronic
hypoxia (diffusion-limited hypoxia) in many
malignant tumors [3, 18, 24, 27, 32]. Therefore,
BOLD-MRI was not a suitable modality for iden-
tifying tumor hypoxia due to diffusion-limited
hypoxia.

DCE-MRI can be used to acquire a series of
sequential images after fast bolus injection of
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contrast media combined with rapid acquisi-
tion methods [12, 34-37]. The acquisition pro-
cess reflects the passage of a contrast agent
through a particular tissue of interest. There-
fore, dynamic images with variable enhance-
ment over time were obtained, which could be
used for drawing a time-intensity curve. These
DCE-MRI data indirectly reflected the tumor
microenvironment variables [14]. The time-
intensity curve allows the direct measurement
of some semi-quantitative parameters such as
the MER, SLE, time to peak enhancement (TTP)
and maximum absolute enhancement (SI__ ) in
a straightforward and simple way [16, 37]. MER
represents a measurement of the degree of
enhancement [16, 37]. Many studies have
demonstrated that the enhancement was relat-
ed to the vascular density within tissue, capil-
lary permeability to contrast media, volume of
the extracellular leakage space, angiogenic fac-
tors like VEGF, native T1-relaxation time of the
tissue, and more, especially vascular density
within the tissue and capillary permeability to
contrast media [14, 34-37]. The oxygenation
status within the tumor was also related to
these factors [37]. In this study, we found that
MER was negatively correlated with the identi-
fied hypoxia gradient and validated by PIMO
staining, which could be explained by the afore-
mentioned pathological base. Additionally, in a
study of cervical cancer, the results showed
that MER was correlated with the Eppendorf
oxygen electrode measurements, which is con-
sidered as the reference standard for evaluat-
ing the tumor oxygen levels [38]. Combining
this and our result suggests that MER can
serve as a surrogate for tumor hypoxia mea-
surements. SLE reflects the rate of enhance-
ment [16, 35, 37]. SLE was mainly related to
the vessel permeability [12, 35] and equal to
the exchange rate constant Kep (alsocalled K,)),
which was measured using quantitative phar-
macokinetic models for DCE-MRI analysis [35].
VEGF, a potent vascular permeability and angio-
genic factor, has been independently identified
as a powerful molecule for tumor vascular
hyperpermeability [37]. In this study, SLE was
positively correlated with the overexpression of
VEGF. This was consistent with Knopp et al’'s
results that K, was closely correlated with the
tissue VEGF expression in breast tumors using
pharmacokinetic parameter analysis [39].
Therefore, SLE can serve as a noninvasive bio-
marker for predicting tumor hypoxia.
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There are several limitations in this study. First,
quantitative pharmacokinetic analysis of the
data from the present study was not performed.
Quantitative indexes, including K'a"s, Kep andV,,
were not used in this study. Whether these
indexes would provide more and stronger tumor
functional information than the semi-quantita-
tive parameters was not clearly determined. It
is worth performing combined semi-and quanti-
tative DCE-MRI research in the future. Second,
we did not undertake intervention studies
under hypoxia with radiotherapy or using vascu-
lar disrupting agents [40]. In the present proof-
of-concept pilot study, we aimed to validate the
feasibility of DCE-MRI for predicting in vivo
hypoxia in a rabbit model. Further supplemen-
tal studies that employ radiotherapy using the
same model will provide stronger evidence of
its potential application and warrant and accel-
erate the clinical translation of these methods.
Third, this study was undertaken in a VX2 tumor
model, the rabbit tumor model. While it has his-
tologic similarity to certain malignancies, it can-
not mimic all the mammalian malignancies.
The cell morphology and component differenc-
es in different tumors may have an effect on
these parameters. Series studies using cancer
and sarcoma models should be conducted to
answer this question. Fourth, we investigated a
range of tumors with different diameters; fur-
ther studies with the same tumor diameters
should be performed to validate whether there
are significant variations in tumors with the
same size.

In summary, the semi-quantitative parameters
of DCE-MRI, MER and SLE, allow reliable evalu-
ation of the tumor hypoxia in a maxillofacial
VX2 rabbit model. This preclinical feasibility
study shows that DCE-MRI could serve as a
potentially non-invasive and translational tool
for tumor pathophysiological feature evaluation
in clinical practice.
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