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Rationale and Objectives: The aim of this study was to validate the feasibility of assessing the efficacy of antiangiogenic therapy on VX2
tumors using three-dimensional computed tomographic (CT) angiography (CTA) combined with CT perfusion.

Materials and Methods: Forty rabbits with VX2 tumors were randomly assigned to four groups according to different doses of antiangio-
genic drug, which were administered intraperitoneally daily for 14 days. In each group, 10 animals were scanned using three-dimensional
CTA and CT perfusion on days 1 and 2 after the latest administration of the drug. Tumor masses were sectioned, stained by immunohis-
tochemistry, and processed for correlation between CT imaging and histology.

Results: The numbers of new tumor vessels from CTA were significantly different among the four groups (P < .001). As the dose of the drug
increased, blood flow and blood volume on CT perfusion increased linearly, but the mean transit time and permeability surface-area
product decreased linearly (P < .001). Immunohistochemical analyses showed that microvascular density decreased, while both luminal
vascular number and mature vessel number increased linearly as the drug dose increased (P < .001). CT manifestations were correlated
well with histologic findings (P < .05).

Conclusions: lItis feasible to assess the efficacy of antiangiogenic therapy on VX2 tumors using three-dimensional CTA combined with CT
perfusion. Three-dimensional CTA can display the morphologic changes of tumor vessels, while CT perfusion can predict the functional

changes of tumor vessels after antiangiogenic therapy.
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eovascularization is an essential process for the growth,

invasion, and metastasis of solid tumors (1,2). Anti-

angiogenic therapy represents a promising strategy
for tumor therapy. Our understanding of the molecular
mechanisms that underlie angiogenesis has advanced signifi-
cantly over the past decade, leading to the development of
a number of new drugs that inhibit angiogenesis (3-5).
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These forms of antiangiogenic therapies have created
a need for efficient, noninvasive, and reliable ways to monitor
tumor angiogenesis and to assess the efficacy of antiangiogenic
therapy. Microvascular density (MVD), particularly measured
in the most neovascular area (the “hot spot”) of a tumor, is
currently an ideal histologic method in assessing the efficacy
of antiangiogenic therapy (6). However, the measurement
of MVD is not pragmatic in clinical practice, because of its
invasiveness and the inconvenience of obtaining tumor tissues
with repeated tumor biopsies.

Molecular imaging and functional imaging represent
advances in new imaging technologies (7,8). Recently,
tumor angiogenesis has been studied in the laboratories
using either fluorescent microscope imaging (9) or micro—
computed tomographic (CT) scanning (10). However, these
methods were designed for laboratory research with small
animals only and cannot be directly applied in a clinical setting
on humans. Several medical imaging techniques, including
CT imaging, magnetic resonance imaging, and ultrasound,
are promising candidates for studying in vivo tumor biology.
The increasing clinical use of volume CT imaging and
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CT TO ASSESS ANTIANGIOGENIC THERAPY IN TUMORS

high-field magnetic resonance imaging has made these
imaging modalities useful in the investigation of tumor angio-
genesis in vivo.

Rabbit models with VX2 tumors have been widely used in
preclinical research on either the development of new anti-
tumor techniques or the evaluation of tumor response to
new antitumor treatment (11-13). The results of our
previous work confirmed that it is feasible to monitor
dynamic changes in tumor angiogenesis of rabbit VX2
tumors using CT angiography (CTA) with a clinical CT
scanner (13). The purpose of the present study was to further
validate the feasibility of using CTA combined with CT
perfusion to assess the efficacy of antiangiogenic therapy.

MATERIALS AND METHODS

Animal and Tumor Models

Forty New Zealand white rabbits (weight range, 2.0-2.2 kg)
were obtained from the Shanghai Experimental Animal
Center of the Chinese Academy of Sciences and housed in
the animal care facility of the Experimental Animal Center
of our institute. The animals were treated in accordance
with a protocol that was approved by our institutional animal
care and use committee. Each animal was intramuscularly
injected with approximately 1 x 10" VX2 tumor cells in the
right hind leg and then returned to its cage and fed with stan-
dard rabbit food and water ad libitum. The tumor inoculations
in all animals were performed by a single investigator (H.W..).

Antiangiogenic Therapy

Starting on the second day after tumor implantation, an anti-
angiogenic drug, Endostar (endostatin; Shandong Simcere-
Medgenn Bio-Pharmaceutical Corporation, Ltd, Yantai,
China), was administered intraperitoneally daily for 14 days.
Forty rabbits were randomly divided into four groups of 10
rabbits each. Each rabbit group received a different dose of
the antiangiogenic drug as follows. In group A (the negative
control group), rabbits were treated with 1 mL saline; in group
B, rabbits were treated with 0.15 mg/kg of Endostar; in group
C, rabbits were treated with 0.30 mg/kg of Endostar; and in
group D, the rabbits were treated with 0.60 mg/kg of Endo-
star. These treatments in all 40 rabbits were performed by
a single investigator (H.W.).

CT Imaging Studies

CT imaging was performed using a 64-row, multidetector CT
system (LightSpeed VCT; GE Medical Systems, Milwaukee,
WI). Each of the 40 rabbits underwent CTA and CT perfu-
sion studies. CTA and CT perfusion were carried out on
days 1 and 2 after the latest administration of the drug or saline.
The rabbits were anesthetized with ketamine (50 mg/kg) and
xylazine (Rompun, Selleck Chemicals LLC, Houston, TX)
(5 mg/kg) intramuscularly, and a 21-gauge winged infusion

set (Surflo, Terumo Europe NV, Leuven, Belgium) was placed
in an ear vein for the injection of contrast medium. The infu-
sion sets were placed by a single investigator (H.W..).

CTA. For enhanced CTA scanning, rabbits were placed in
the center of the CT scanner and first underwent unenhanced
scout scanning from the hip joint to the knee joint. Prelimi-
nary experiments confirmed that the early arterial phase,
arterial phase, and tumor tissue phase of rabbits began 10,
18, and 36 seconds, respectively, after the injection of contrast
medium (13). Accordingly, enhanced CTA was started 10, 18,
and 36 seconds after a bolus of iodinated contrast medium
(Ultravist 370, 3 mL/kg; Bayer Schering Pharma AG China,
Guangzhou, China) was injected into the ear vein. Following
the bolus, the injection was continued for 10 seconds at a flow
rate of 0.8 mL/s, using an automatic injection system (Stellant
Dual, Medrad, Inc, Pittsburgh, PA). All images were acquired
using a tube voltage of 180 kVp, a tube current of 30 mA,
a slice thickness of 0.625 mm, a field of view of 180 mm,
160 slices, and the standard algorithm. The CT angiographic
scans in all 40 animals were performed by a single investigator
(H.W).

CT perfusion. Rabbits were placed in the center of the CT
scanner and first underwent unenhanced scout scanning
through the tumors to enable the selection of the appropriate
transverse level for perfusion scanning. Then, perfusion scan-
ning was started 1 second before a bolus injection of iodinated
contrast medium (Ultravist 370, 3 mL/kg) via the ear vein.
Following the bolus, the injection was continued for
10 seconds at a flow rate of 0.8 mL/s, using an automatic
injection system (Stellant Dual). Scanning was continued for
45 seconds at a speed of 1.5 seconds per rotation. All images
were acquired using a tube voltage of 120 kVp, a tube current
of 100 mA, a slice thickness of 2.5 mm, a field of view of
180 mm, and 16 slices. The CT perfusion scans in all
40 animals were performed by a single investigator (H.W.).

Histopathology and Immunohistochemistry

Histopathology. Each of the rabbits was anesthetized using
ketamine (50 mg/kg) and xylazine (5 mg/kg) intramuscularly,
and the thoracic cavity and pericardium were opened. A 5-Fr
catheter was inserted through the left ventricular wall into the
ascending aorta. A small outlet window of the wall of the right
auricle was created to allow the egress of blood and perfusate.
Each animal was perfused with 4,500 mL 10% formalin in
saline containing 12,500 IU heparin. After perfusion, the
muscle and soft tissue that encapsulated each VX2 tumor
were bluntly dissected, and the tumor was resected, and
then embedded for sectioning at 5-um thickness. For each
of the four groups, the histologic slides corresponded to the
parallel CT perfusion sections obtained in each tumor. Briefly,
we embedded the resected tumors in 10% parattin for 48 hours
according to the position of the CT scan. Then, the sizes of
tumor masses were measured from the starting scan to the
ending scan. Subsequently, according to the numbers of slides

|8}
w1
O



WANG ET AL

Academic Radiology, Vol 19, No 3, March 2012

on CT imaging, we selected the histologic slides at equal
intervals, so that the histologic slides matched the CT imaging
slices. Finally, the histologic slides were stained using the
endothelium-specific CD31 antibody as described below.

Immunohistochemistry. Immunohistochemistry — was  per-
formed using previously reported method (11). Briefly, histo-
logic slides were first incubated with 3% hydrogen peroxide in
methanol for 10 minutes. After blocking nonspecific protein-
binding sites with 5% bovine serum albumin (Sigma Chemi-
cal, St Louis, MO) for 1 hour, the slides were incubated with
a 1:500 dilution of mouse monoclonal antirabbit CD31 anti-
body (Lab Vision/NeoMarkers, Fremont, CA) at 4°C over-
night. Control slices were incubated with phosphate-buftered
saline only. Then, slices were incubated with peroxidase-
conjugated goat antimouse secondary antibody at 1:200 dilu-
tion (Serotec, Indianapolis, IN). The slides were subsequently
stained with diaminobenzidine (Stable DAB; Research
Genetics, Huntsville, AL) and then counterstained with
hematoxylin (Sigma-Aldrich, St Louis, MO).

Image Analysis

CT angiographic data were reconstructed using volume
rendering and maximum intensity projection, while CT
perfusion data were reconstructed using perfusion maps. All
images were reconstructed onto a 512 x 512 pixel matrix
using Advantage Workstation 4.4 (GE Medical Systems,
Milwaukee, WT).

All images were interpreted on a 2,000 x 2,000 picture
archiving and communication system monitor (PathSpeed;
GE Medical Systems Integrated Imaging Solutions, Mt Pros-
pect, IL) with appropriate adjustment of the optimal window
settings. Analyses represented the consensus between two
experienced radiologists. In this process, the two radiologists
were blinded to every subject’s dose assignment until the
completion of image analysis.

The numbers of new vessel branches within each tumor in
the different groups were determined on CT angiographic
images. The morphology of tumor vessels within the different
groups was recorded. Maximum intensity projection images
of the phase and reconstruction plane that displayed vessels
most clearly were chosen for counting the numbers of new
vessel branches. The absolute values of four perfusion param-
eters (blood flow [BF], blood volume [BV], mean transit time
[MTT], and permeability surface-area product [PS]) were
measured and calculated on the basis of regions of interest
on all slices of the tumors.

Histopathologic and Immunohistochemical Analyses

For tumors in each rabbit group, MVD and luminal vascular
number (LVN) were recorded on CD31-stained slides. For
the purpose of counting MVD, any CD31-highlighted endo-
thelial cell or cell cluster that was clearly separate from adjacent
tissue elements was counted as a single countable microvessel
(6). Briefly, the entire tumor slides were observed microscop-
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ically at original magnifications of 100, and the area with the
largest number of microvessels (the hot spot) was identified.
Then, the MVD and LVN were counted in that hot-spot
area with the use of original magnification 200X. For LVN,
only the CD31-highlighted endothelial cell cluster that
formed a discernible microvessel lumen was counted (14).
During counting, the LVN was further divided into two cate-
gories (Fig 1): (1) mature tumor vessels (those with a complete
endothelial cell wall and layers of smooth muscle cells; Fig 1a),
and (2) immature tumor vessels (those with an incomplete
layer of endothelial cell wall; Fig 1b). All aforementioned
immunohistochemical parameters were counted three times
in the different hot-spot areas, and then the mean values of
MVD, LVN, mature vessel number (MVN), immature vessel
number (IVN), and the percentage of MVN in LVN were
recorded, respectively. The microstructure of mature or
immature tumor vessels was observed microscopically at
original magnification of 400 x.

Statistical Analysis

All data are presented as mean =+ standard deviation. Analysis
of variance was carried out on the numbers of new-vessel
branches in each tumor; the values of four perfusion parame-
ters (BE, BV, MTT, and PS); and the MVD, LVN, MVN, IVN,
and the percentage of MVN in LVN of tumors in all four
groups. If the results of analysis of variance were significantly
different between groups, analysis of the least significant
difference was carried out with a comparison of the aforesaid
parameters in each group. Pearson’s correlation coefficient (r)
was used to investigate the relationships among imaging mani-
festations and histologic findings, as well as the dose levels of’
drug. All statistical results were calculated using SAS version
8.0 (SAS Institute Inc, Cary, NC). P values < .05 were consid-
ered to indicate a statistically significant difterence.

RESULTS

Numbers of New Tumor Vessel Branches on CTA

Table 1 shows the numbers of new tumor vessel branches
shown on CT angiographic maximum intensity projection
images for each animal group. The numbers of new vessel
branches in tumors from each group measured using CTA
were significantly different (P < .001). The numbers of
new vessels reduced linearly from group A to group D (all
P < .001).

Morphologic Features of Tumor Vessels after
Antiangiogenic Therapy on CTA

Figures 2 and 3 show the morphologic features of tumor
vessels of each animal group demonstrated by the CT
angiographic images. The tumor vessels of the negative
control group (Figs 2a and 3a) showed the dilated preexisting
feeder artery and immature tumor vessel webs containing
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TABLE 1. Numbers of New Vessel Branches in Tumors From
Each Group (n = 10)

Group Number of New Tumor Vessel Branches LSD
A 223+ 2.1

B 13.9+1.6 P < .001
C 10.8 £ 1.2 P < .001
D 7.0+1.3 P < .001
ANOVA P < .001

ANOVA, analysis of variance; LSD, least significant difference.

numerous tortuous, dilated, irregular vessels that penetrated
the tumor. After antiangiogenic therapy, as the dose of
drug administrated increased, the sizes of the preexisting
feeder arteries became smaller, and the numbers of new
vessels reduced. In addition, the new vessels were displayed
clearly and the morphologic features returned to straight
and regular in the groups that received increasing doses of

drug (Figs 2b—d and 3b—d).

Efficacy of Antiangiogenic Therapy with Different
Doses of Endostatin on CT Perfusion Maps

Figure 4 shows the CT perfusion maps of tumors in each
animal group. Table 2 shows the absolute values of four
perfusion parameters (BE BV, MTT, and PS), calculated on
CT perfusion maps for each group. The values of BE BV,
MTT, and PS were significantly different among the four
animal groups (P < .001), demonstrating that the values of
BF and BV increased linearly from group A to group D (all
P values < .001). However, the values of MTT and PS
decreased linearly from group A to group D (all P values <
.001). Significant positive correlations were observed between
the dose level of endostatin and the values of BF and BV
(r = 0.936 and r = 0.901, respectively, P < .001 for both),
whereas significant negative correlations were observed
between the drugs dose level and the values of MTT and PS
(r=—0.886 and r = —0.629, respectively, P < .001 for both).

Immunohistochemistry

CD31 immunohistochemistry of the tumor tissues of each
group is demonstrated in Figure 5 and Table 3. The results
revealed that the MVD values were significantly lower after
antiangiogenic therapy (P < .001). As the dose of endostatin

Figure 1. Microscope images show the
two categories of luminal vessel in tumor:
(a) mature vessel, with a complete endo-
thelial cell wall (arrow) and layers of smooth
muscle cells (star), and (b) immature tumor
vessels, with an incomplete layer of endo-
thelial cell wall (arrow). CD31 stain, original
magnification 400x.

increased, the MVD values progressively decreased, and the
difference between the values in each group was significant
(all P values < .001). Both the LVN values and the MVIN
values increased significantly (all P values < .001) as the
dose of endostatin increased. The percentage of MVN in
LVN significantly higher in all three antiangiogenic groups
than in the control group (all P values < .05), while no signif-
icant difference of this parameter was observed between the
antiangiogenic groups.

CT Imaging and Histologic Correlations

Correlations between CT imaging results and histologic find-
ings are presented in Table 4. Significant positive correlations
were observed between the values of BF and BVand the values
of LVN and MVN (all P values < .001), as well as between the
values of MTT and PS and the value of MVD (P < .001).
Significant negative correlations were observed between the
values of MTT and PS and the values of LVN and MVN (all
P values < .001), as well as between the values of BF and
BV and the value of MVD (P < .001).

DISCUSSION

In this study, we investigated the role of CTA and CT perfu-
sion in assessing the efficacy of tumor antiangiogenic therapy
by examining the changes in CT angiographic imaging and
perfusion parameters after antiangiogenic therapy with endo-
statin in a rabbit VX2 tumor model.

One of the advances in clinical CT imaging in the past
decade is the multidetector technology available, including
scanners with 4, 8, 16, 64, 256, and 320 rows. This increasing
capacity of multidetector technology has greatly enhanced the
ability using computed tomography to image those organs
with more small-sized arteries, such as the renal, coronary,
and intracranial arteries (15—17). This imaging modality
shows high efficacy not only in terms of spatial resolution
but also in temporal resolution. In addition, the improving
resolution of clinical CT scanning has enabled using this
study
antiangiogenic therapy in vivo.

imaging modality to tumor angiogenesis and

As the results of our previous work (13) demonstrated, it is
feasible to monitor tumor angiogenesis dynamically using
CTA with a clinical CT scanner in rabbit models with VX2

tumors. In the present study, we specifically investigated the
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Figure 2. Reconstructed computed tomographic angiographic images (a-d) showing new tumor vessels (arrows) as well as preexisting tumor
feeder arteries (arrowheads) in groups a to d, respectively. The numbers of new tumor vessels of negative control group (group a) are greater
than those of antiangiogenic drug-treated groups (groups b, ¢, and d). As the dose of administrated drug increased, the numbers of new tumor
vessels reduced. Among the three treated groups, the new tumor vessels of group b were more prominent than those of groups ¢ and d.

Figure 3. Reconstructed computed tomographic angiographic maximum intensity projection images (a-d) presenting new tumor vessels
(arrows) as well as preexisting tumor feeder arteries (arrowheads) in groups a to d, respectively. The characteristics of tumor vessels among

different groups are similar to those shown in Figure 2.

efficacy of using CTA combined with CT perfusion scanning
to assess antiangiogenic therapy efficacy in the same tumor
models using clinical 64-row multidetector CT imaging.

Endostatin, which was discovered in 1997 (18), has been
the most intensively studied human endogenous angiogenesis
inhibitor. It is a fragment of collagen XVIII, and it stimulates
apoptosis in proliferating endothelial cells of pathologically
growing vessels. It also possesses other antiangiogenic actions.
For example, several previous studies have confirmed that
recombinant endostatin can effectively inhibit angiogenesis
and the growth of various solid tumors as well as their metas-
tases (19), without considerable side effects, drug toxicity, or
drug resistance (20). Therefore, this protein is a promising
antitumor drug (21). In the present study, we chose Endostar
as the antiangiogenic agent. More recently, Endostar was
confirmed to be also effective in other kinds of solid cancer,
including gastric cancer (22) and breast cancer (23). However,
the change of vessel and blood-flow within the tumor after its
action has been unknown.

Studies on physiologic angiogenesis resulted in the
discovery of a phenomenon known as “vascular pruning.”
The essence of this phenomenon is the strict regulation of
angiogenesis by the balance of proangiogenic and antiangio-
genic factors depending on the stage of development of the
organism (24). In tumor antiangiogenic therapy by endostatin
or other antiangiogenic factors, vascular pruning occurs. The
potential mechanisms for this phenomenon include that (1)
endotheliocytes from preexisting vessels are resistant to
apoptotic stimuli, in a similar manner to cells of postangio-
genic vessels with mature endotheliocytes (25), and (2) any
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slight disorder in the process of coordinated angiogenesis
can induce apoptosis of endotheliocytes and the degradation
of an unformed vessel (26,27). Therefore, some authors
have introduced a new concept of the normalization of
therapy (25,26).
According to this hypothesis, antiangiogenic drugs, such as

tumor vasculature in antiangiogenic
endostatin, result in the apoptosis of unformed intratumor
microvessels and the maturing of preexisting intratumor
microvessels (25). This normalization of vasculature within
tumor increases the delivery of oxygen and therapeutics and
thereby enhances the efficacy of radiotherapy on the tumor
(28,29). Most recently, a research team reported that there
are both morphologic and functional changes after vascular
endothelial growth factor—targeted antiangiogenic therapy
on glioma blood vessels using in vivo multiphoton laser
scanning microscopy and confirmed that antiangiogenic
therapy has a dose-dependent effect both on morphologic
and functional changes of tumor vessels (30).

In the present study, CTA demonstrated a significant dose-
dependent reduction in the numbers of new tumor vessel
branches in tumors after treatment with Endostar (Table 1).
In addition, we found that the morphologic features of the
tumor vessels also changed after treatment with Endostar.
After antiangiogenic therapy, as the dose of Endostar
increased, the sizes of the preexisting feeder arteries became
smaller, and the numbers of new vessels also decreased. In
addition, new vessels were clearly displayed, and their
morphologic features returned to normal with increasing
doses of Endostar (Figs 2b—d and 3b—d). These findings not
only confirm previous reports of the phenomenon of
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Figure4. Computed tomographic (CT) perfusion maps of tumors among the four animal groups. Rows A to D represent groups A to D, respec-
tively. In each row, image (a) is the contrast-enhancement CT image of the largest size cross-section of tumor, and images (b) to (e) are the
perfusion map images, including (b) blood flow, (c) blood volume, (d) mean transit time, and (e) permeability surface of the same cross-
section. The elliptical dashed lines and arrows highlight the tumor area. The color spectrum indicates the value of the perfusion parameter,

ranging from high (red) to low (blue).

TABLE 2. Values of BF, BV, MTT, and PS of Tumors, as Calculated on CT Perfusion Maps (n = 10)

Group BF (mL/min/100 g) BV (mL/100 g) MTT (seconds) PS (mL/min/100 g) LSD
A 38.9 + 2.7 13.6 £1.7 29.8 £ 2.9 56.6 + 12.1

B 53.2+ 5.9 26.9 + 3.7 25.0+1.6 47.7 +11.3 P < .001
C 785+7.0 33.0 + 3.3 20.6 £1.7 38.9+12.3 P < .001
D 95.3 £ 9.7 415+ 5.7 17.5+1.8 31.6 +11.5 P < .001
Analysis of variance P < .001 P <.001 P <.001 P <.001

ANOVA, analysis of variance; BF, blood flow; BV, blood volume; CT, computed tomographic; LSD, least significant difference; MTT, mean

transit time; PS, permeability surface-area product.

“vascular pruning” or “normalization” actions for tumor
vessels after antiangiogenic treatment but also indicate that
this action is relative to the dose of endostatin within a certain
dose window.

CT perfusion is an advanced imaging technique that can
provide pathophysiologic information by quantifying tissue
hemodynamics (14,31,32). This technique acquires dynamic
time-attenuation data by a consecutive multislice scan at
a fixed tissue section after an intravenous bolus injection of
contrast medium. These time-attenuation data directly reflect
the dynamic change in the density of target tissue and indi-

rectly reflect the change of blood perfusion of target tissue
after contrast medium injection. The perfusion maps are
generated by image reconstruction on a pixel-by-pixel basis
and artificial color map processing of the perfusion parame-
ters. In this way, the perfusion status of the target tissue is eval-
uated quantitatively. There are four parameters of CT
perfusion: (1) the BF value, which reflects the assemblage
rate per unit of target tissue to BF in the first scan after contrast
injection; (2) the BV value, which reflects the total blood
vessel volume of the target tissue; (3) the MTT value, which
indicates the mean time for the contrast medium to flow
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Figure 5. Immunohistochemical staining of tumor tissue sections for the specific endothelial antigen CD31 (a-d) shows the tumor tissues of
groups a to d, respectively. The luminal microvascular structures (arrows) in tumors increased as the dose of endostatin increased. Original
magnification 100x.

TABLE 3. MVD, LVN, MVN, IVN, and the Percentage of MVN in LVN of Each Group (n = 10)

Group MVD LVN MVN IVN MVN in LVN (%) LSD
A 40.7 £ 3.4 1.3+ 0.6 0.2+ 0.1 1.2+05 111+ 241

B 30.8 + 4.1 3.2+0.7 0.5+ 0.2 27+1.2 13.3+1.3 P <.001
C 20.2+ 2.8 6.0+1.4 0.8+0.4 57+1.6 14.7 £ 2.7 P < .001
D 16.7 +1.6 8.7+1.5 1.2+0.5 7.6+1.3 15.0 + 2.8 P < .001
ANOVA P <.001 P < .001 P < .001 P <.001 P =.002

ANOVA, analysis of variance; IVN, immature vessel number; LSD, least significant difference; LVN, luminal vascular number; MVD, microvas-

cular density; MVN, mature vessel number.

TABLE 4. Pearson’s Correlations (P Values) and Associated Significance Levels Between the CT Perfusion Parameters and

Histologic Findings (n = 10)

BF BV MTT PS

MVD ~0.814 (<.001) —0.861 (<.001) 0.976 (<.001) 0.825 (<.001)
LVN 0.992 (<.001) 0.950 (<.001) ~0.747 (<.001) ~0.362 (.022)
MVN 0.912 (<.001) 0.929 (<.001) —0.596 (<.001) —0.194 (.230)

BF, blood flow; BV, blood volume; CT, computed tomographic; LVN, luminal vascular number; MTT, mean transit time; MVD, microvascular
density; MVN, mature vessel number; PS, permeability surface-area product.

through blood vessels; and (4) the PS value, which reflects
a one-way transmission speed for contrast medium diftusion
into cell spaces via the vascular endothelial interspaces.

In the present study, the values of BF and BV of the tumors
in the groups treated with Endostar were significant higher
than those of the tumors in the negative control group. In
addition, we found that the values of BF and BV increased
linearly in the tumors of groups B, C, and D, which signifi-
cantly correlated with the increasing dose of the drug.
However, the values of MTT and PS of the tumors in the anti-
angiogenic drug—treated groups were significantly lower than
those of the tumors in the negative control group. The values
of MTT and PS showed linear reductions in tumors in groups
B, C, and D, which also significantly correlated with the dose
of the drug. In correlation to histology, we also observed in
the CD31-stained tumor tissue sections that as the dose of
the antiangiogenic drug increased, the MVD value decreased,
while the values of LVN and MVN both increased. The results
of correlation studies confirm that there are significant posi-
tive correlations between the values of BF and BV and the
values of LVN and MVN, as well as between the values of
MTT and PS and the value of MVD. In addition, there are
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significant negative correlations between the values of MTT
and PS and the values of LVN and MVN as well as between
the values of BF and BV and the value of MVD. We consider
that the increase in the values of BF and the decrease in the
value of MTT after treatment with the antiangiogenic drug
are due to the luminal vessels, including mature vessels, which
make the blood or contrast medium flow through the tumor
tissue more easily. The value of BV increased after drug-
treated is because the luminal vessels make the tankage of
blood in tumor tissue increase. The reduction in the PS value
after the antiangiogenic treatment resulted from the reduction
in MVD, which decreased the vascular endothelial interspace.
These findings are consistent with CT perfusion studies on
antiangiogenic therapy from other groups (14,30). These
studies demonstrated a decrease in vascular permeability and
an increase in BF velocity of tumor vessel after therapy.

CONCLUSIONS

The results of this study suggest that it is feasible to use CTA
combined with CT perfusion to assess the efficacy of antian-
giogenic therapy on tumors. CTA enables display of the
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morphologic changes of tumor vessels, while CT perfusion
can predict functional changes of tumor vessels after antian-

giogenic therapy.
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