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Abstract
Purpose—To image the intra-tumor vascular physiological status of pancreatic tumors
xenografts and their response to anti-angiogenic therapy using Dynamic Contrast-Enhanced CT
(DCE-CT), and to identify parameters of vascular physiology associated with tumor X-ray
sensitivity following anti-angiogenic therapy.

Methods and Materials—Nude mice bearing human BxPC-3 pancreatic tumor xenografts were
treated with 5Gy of radiation therapy (RT), either a low-dose (40mg/kg) or a high-dose (150mg/
kg) of DC101, the anti-VEGF receptor-2 anti-angiogenesis antibody, or with combination of low
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or high dose DC101 and 5Gy RT (DC101-plus-RT). DCE-CT scans were longitudinally acquired
over three week period post-DC101 treatment. Parametric maps of tumor perfusion and fractional
plasma volume (Fp) were calculated and their averaged values and histogram distributions
evaluated and compared to controls, from which a more homogeneous physiological window was
observed 1-week post-DC101. Mice receiving a combination of DC101-plus-RT(5Gy) were
imaged baseline prior to receiving DC101 and 1-week after DC101 (prior to RT). Changes in
perfusion and Fp were compared with alternation in tumor growth delay for RT and DC101-plus-
RT(5Gy) treated tumors.

Results—Pretreatment with low or high doses of DC101 prior to RT significantly delayed tumor
growth by an average 7.9 days compared to RT alone (p≤0.01). The increase in tumor growth
delay for the DC101-plus-RT treated tumors was strongly associated with changes in tumor
perfusion (ΔP>−15%) compared to RT treated tumors alone (p=0.01). In addition, further analysis
revealed a trend linking the tumor’s increased growth delay to its tumor volume-to-DC101 dose
ratio.

Conclusions—DCE-CT is capable of monitoring changes in intra-tumor physiological
parameter of tumor perfusion in response to anti-angiogenic therapy of a pancreatic human tumor
xenograft that was associated with enhanced radiation response.

INTRODUCTION
Pancreatic cancer is the fourth leading cause of cancer death and the most lethal of all solid
tumors, with an overall 5-year survival rate of less than 5% [1]. To improve patient
outcome, new therapeutic strategies are necessary. One such strategy is to combine new
classes of targeted drugs to improve upon established treatment protocols, and to identify
diagnostic parameters predictive of outcome using in vivo imaging techniques.

Studies have shown that pancreatic cancer is highly angiogenic with high levels of
microvascular density and VEGF expression, which are correlated to metastasis and poor
prognosis [2]. With the rapid development of anti-angiogenic drugs (AADs), a new genre of
cancer treatment is now available. These anti-angiogenic inhibitors, such the anti-VEGFR2
monoclonal antibody DC101, have been shown to ablate tumor blood vessels resulting in
hypoxia thus increasing radioresistance; however, they also can prune immature vessels and
remodel tumor vasculature, thereby improving intra-tumor delivery of oxygen, reducing the
number of cancer cells exposed to hypoxic conditions, and enhancing radiosensitivity [3].
We propose to identify an optimal dose of anti-angiogenic therapy and corresponding
parameters of vascular physiology that may help improve tumor X-ray sensitivity following
anti-angiogenic therapy. Previous reports have shown anti-angiogenic therapy can
temporarily alleviate heterogeneous tumor vascular and blood flow in clinical and
preclinical studies of colon cancer and glioma [4, 5], but, the appropriate protocol necessary
to combine AADs to improve the therapeutic efficacy in pancreatic cancer remains unclear
and requires further investigation.

To achieve an optimal outcome when combining anti-angiogenic therapy with RT, it is
essential to track tumor angiogenesis in vivo pre- and post-anti-angiogenic therapy, in
particular the structural and functional properties of the tumor vasculature. Dynamic
contrast-enhanced CT or MRI (DCE-CT/DCE-MRI) can be used to monitor tumor
physiology and its heterogeneity in response to AADs targeting the VEGF pathway [6, 7].
DCE-CT has an advantage of concurrently quantifying a number of vascular physiological
parameters (perfusion; fractional plasma volume, Fp; permeability-surface area product, PS;
and fractional interstitial space, Fis) with high spatial resolution [7, 8]. Given this capability,
DCE-CT is well suited to measure the small changes in tumor physiology consistent with
vascular normalization. Previous studies have used DCE imaging to quantify these
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functional imaging biomarkers as early response factors to AADs (Fp), therapeutic efficacy,
and tumor cell proliferation and apoptosis (perfusion, vascularity or PS) [9, 10]. To date,
few studies have identified which of these diagnostic parameters and their intra-tumor
distribution as a function of dose and time might relate to enhanced therapeutic efficacy to
subsequent cytotoxic therapies in pancreatic cancer.

In this study, we investigated the dose-dependent physiological response to DC101 in
pancreatic tumors, and subsequent changes in radiosensitivity. DCE-CT was used to monitor
longitudinal changes in tumor physiology prior to and after DC101, from which a time to
apply RT was determined. By investigating the relationship between these changes under
different treatment conditions, a prognostic factor(s) associated with microvascular
efficiency was identified as being associated with enhanced local tumor control.

MATERIALS AND METHODS
Animal Model

While under anesthesia (1.25% isofluorane), 5×106 human pancreatic carcinoma BxPC-3
cells suspended in 0.1ml mixture (1:1 ratio) of phosphate buffered saline and Matrigel (BD
Biosciences) were subcutaneously injected into the flanks of 6–8 weeks old female athymic
(nu/nu) mice (Harlan Sprague-Dawley). Tumors were allowed to grow to 7–11mm in size
before treatment (Fig. S1). All animal preparation and procedures for this study were
reviewed and approved by the Indiana University Institutional Animal Care and Use
Committee.

Experimental Design
Sixty-eight mice with BxPC-3 pancreatic tumors were divided into a control group (n=11); a
DC101 therapy group consisting of a low-dose (LD) (40 mg/kg; n=10) and a high-dose
(HD) (150 mg/kg; n=11) treatment; a RT group consisting of a 3, 5, and 7Gy treatment
(n=4, 12, and 6, respectively); and a combined DC101 and RT group consisting of a LD
DC101-plus-RT(5Gy) group (LD-plus-RT; n=6) and a HD DC101-plus-RT(5Gy) group
(HD-plus-RT; n=8). Each mouse in the DC101 groups was injected intraperitoneally (i.p.)
with DC101 (a kind gift from ImClone, Inc.), and tumors for those mice in the RT group
were exposed to X-rays with a dose rate of 1.6 Gy/min (X-RAD 320 Biological Irradiator).
In the LD and HD DC101 groups, DCE-CT scans were acquired within 24 hours of prior to
DC101 injection, and 2, 7, 14, and 21 days after treatment. Mice receiving combined
treatment had DCE-CT scans acquired at baseline (pre-DC101) and 1-week post-DC101
treatment. Immediately after this second scan, their tumor was treated with 5Gy of X-rays.
To evaluate therapeutic response, the tumor growth delay curves for each experimental
group were calculated by measuring the tumor volume every three days using calipers.

Imaging Protocol
Prior to DCE-CT imaging, each mouse was anesthetized with acepromazine and torbugesic
(0.1mg/kg, i.m.) and positioned within a clinical CT scanner (Brilliance, Phillips) with both
the heart and tumor within the field-of-view (40×0.625mm collimation). CT scans were
acquired (80kVp; 80mAs) prior to and after an intravenous injection of Isovue-370 (Bracco
Diagnostic). Images were reconstructed with a voxel size of 0.3mm in the transaxial plane
and then be transferred to a sequence of workstations for further analysis [7, 8].

Data Analysis
Data analysis was performed as described in our previous publication [8]. First,
physiological parametric maps (perfusion, PS, Fp, Fis) were created by fitting the DCE-CT
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curves within each voxel to a two-compartmental mathematical model, from which the
change in tumor physiology and intra-tumor heterogeneity was calculated. Next, the
physiological value for each parameter was averaged over all voxels within each tumor,
after which the fractional change in physiology, ℱQ, was calculated in order to minimize

inter-animal variations: , where i represents time (baseline, 2, 7, 14, and
21 days) and Q the physiological parameter (perfusion, PS, Fp, Fis). The mean and standard
deviation (SD) of ℱQ was averaged over all mice in each group and compared to baseline
values and across cohorts. Finally, the intra-tumor heterogeneity was assessed visually by
inspecting the spatial variation of the parametric images over time (Fig. 2) and quantitatively
by calculating the root-mean-square (RMS) of the histogram distributions for perfusion and
Fp. For the latter, the RMS values were averaged over all mice in each group and its SD
calculated at each time point.

Doubling Times
Tumor doubling times were determined by fitting the tumor growth curve for each mouse to
the Gompertizian equation, a biology-based mathematical model of tumor growth [11]. The
average (and SD) was calculated for each experimental group.

Statistical Analysis
One-way ANOVA and two-tailed Student’s t test were used to determine significant
differences among groups. P<0.05 was considered statistically significant.

RESULTS
Longitudinal Tumor Response to DC101

The fractional changes in perfusion and Fp relative to baseline values were averaged over all
tumors in the control, HD or LD DC101 treated groups (Fig. 1). From these results,
perfusion and Fp in the control group remained relatively constant over time, with an overall
decrease in Fp primarily due to the formation of necrosis (Fig. S2). For DC101 treated
tumors, an initial physiological response was observed within a couple of days post-DC101
injection, which was followed by the recovery of perfusion and Fp over the next two weeks
but at differing rates. The average change in perfusion, ℱP, was significantly reduced in both
HD and LD groups within 2–3 days after DC101 treatment compared to controls (−37%
(HD)/ −41%(LD) vs. −0.6%(Ctrl); P<0.01) and remained below controls for the next two
weeks, but recovered and exceeded control levels by third week (−1%(HD)/24%(LD) vs.
−15%(Ctrl); LD, P=0.11; HD, P<0.05). As for changes in Fp (ℱFp), an obvious reduction
was observed within 2–3 days after treatment compared to controls (−22%(HD)/ −17%(LD)
vs. −6%(Ctrl); HD, P<0.05; LD, P=0.08) and remained significantly below controls for only
one week (−28%(HD)/ −20%(LD) vs. −6%(Ctrl); P<0.01) before recovering to control
levels by week two. These results demonstrate a decoupling in time between perfusion and
Fp and thus a stepwise recovery of the tumor’s vascular network and its functionality
associated with the VEGF/VEGFR2 pathway in the BxPC-3 pancreatic tumors.

Longitudinal Changes in Intra-tumor Heterogeneity
Upon visual inspection, perfusion and Fp parametric maps reveal an abnormal and
heterogeneous vasculature characteristic of pancreatic tumors (Fig. 2) [12]. The level of
heterogeneity (perfusion and Fp) is clearly visible (0.03-to-0.5 mL/min/mL), fluctuating
over time (controls). To provide a quantifiable measure of intra-tumor heterogeneity [13],
changes in the RMS for perfusion and Fp histogram distributions (RMS-Perfusion and RMS-
Fp) were tracked over time (Fig. 1), where a significant decrease in RMS-Perfusion occurred
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1-week after DC101 treatment. RMS-Fp remained unchanged. As a result, a more uniform
and potentially efficient blood flow results, which is anticipated to improve oxygen delivery
to the tumor [3]. Based on these results, the tumor vasculature is hypothesized to become
temporarily homogenous 1-week post-DC101 treatment, at which time RT should be
applied.

Inhibition of Tumor Growth by Combining Radiation and Anti-angiogenic Treatment
To evaluate whether pretreatment of anti-angiogenic therapy prior to RT can significantly
improve the therapeutic response to X-ray radiation, the increase in tumor growth delay,
defined as the in vivo tumor doubling time (table 1), was compared between control tumors,
RT and combined RT-plus-DC101. For the latter, RT of 5Gy was chosen because it was the
minimal dose resulting in a significant tumor growth delay (Fig. S3). To evaluate the effect
of anti-angiogenic therapy on RT, the tumor growth curves for each individual tumor were
analyzed beginning at the time of RT (1-week post-DC101) and compared to RT (5Gy)
alone. Relative to control tumors, 5Gy of RT increased tumor growth delay by 6.3 days
(10.7 versus 17.0 days; P<0.01), as did DC101 alone (P<0.01). Tumors pretreated with
either a low-dose or high-dose of DC101 prior to RT (5Gy) measured, on average, an
increase in the tumor growth delay of 3.9 days, but did not reach significance compared to
RT (5Gy) alone (P=0.17; one-way ANOVA). The doubling times for tumors receiving a
combination of RT-plus-DC101, either a low-dose (21.0±7.8 days) or a high-dose (20.9±3.5
days) of DC101, had a similar growth delay (P>0.05; two-tailed t-test), demonstrating a lack
of DC101 dose dependency.

Relationship between Changes in Tumor Physiology and Radiosensitivity
Since the dose of DC101 did not provide an inhibitory advantage in tumor growth (Fig. 3),
changes in perfusion and Fp for these tumors were evaluated on an individual basis. We
observed that tumors where both perfusion and Fp were reduced post-DC101 (Fig. 4A) grew
faster than those only receiving RT, while tumors maintaining their perfusion levels post-
DC101, in spite of a reduction in Fp, displayed an enhanced tumor delay and response to RT
(Fig. 4B). Thus, perfusion was used to reclassify DC101-plus-RT mice as either negative or
positive responders based on their change in tumor perfusion, less than or greater than
−15%, respectively, one-week post-DC101. The percent reduction in perfusion for those
positively responding tumors was significantly lower than those tumors that responded
negatively (Fig. 5A; p<0.05). Fp significantly decreased in both groups, but was not
prognostic. As shown in Fig. 5B and 5C, positive responders fell significantly below the RT
(5Gy) growth curve (4 days after RT), and below tumors receiving 7Gy of radiation, while
the negative responders fell above the RT (5Gy) growth curve (no delay). Unlike the low
and high-dose groupings, the tumor doubling time for positive responders was 24.9 (±6.1)
days, or 7.9 days more than RT (5Gy) cohort (P=0.012), while the doubling time for
negative responders was 17.3 (±3.8) days, the same as RT (P=0.86) (table 1).

DISCUSSION
Currently, standard treatment for pancreatic cancer patients consists of surgery,
chemotherapy (gemcitabine), radiation therapy, or a combination of these procedures.
However, the role of RT remains unclear and controversial [14], leading to inconsistent use
across clinics. Questions as to the appropriate dose and timing of RT and anti-angiogenic
therapy have been suggested as a potential causal effect. Given that radio-resistance remains
a major clinical problem in treatment response and failure in pancreatic cancer, monitoring
tumor vascular physiology and hypoxia during therapy can provide important information to
enhance local control [15] on an individual basis. In this study, we demonstrated that
VEGFR-2 inhibition can favorably change the tumor microcirculation and subsequently
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enhance the radio-sensitivity in pancreatic tumors, and that functional imaging biomarkers
associated with tumor microcirculation, in particular perfusion, can determine if enhanced
radio-sensitivity has occurred.

DCE-CT was used to measure changes in the vascular physiologic parameters of BxPC-3
tumors after treatment with DC101 and to identify if an enhanced response to RT can be
obtained, which to our knowledge, a yet unobserved method and effect in pancreatic cancer.
Of the measured physiological parameters, perfusion was observed to be associated with
tumor response to RT, and while Fp did not, it did provide information on drug activity
(Figs.4 and 5). By decreasing the Fp-to-perfusion ratio, a faster mean-transit-time was
realized indicating a more efficient microcirculation and reduced hypoxia, resulting in a
significant increase in tumor growth delay. This is consistent with several other studies,
where a concomitant increase in perfusion and decrease in vascular volume increased tumor
oxygenation post anti-angiogenic therapy, and when combined with chemotherapy or
radiotherapy, significantly enhanced local tumor control [5, 16, 17]. For example, similar
changes in vasculature and blood flow after DC101 treatment was observed to increase
tumor oxygenation in U87 glioma xenografts [5]; in the vascular permeability-to-flow ratio
(Ktrans) and microvessel density after cediranib to identify vasculature normalization and
patient outcome for glioblastoma patients [16]; and in vascular morphology, vessel leakage
and permeability, and spatiotemporal distribution in perfusion to increase drug delivery in
xenograft models of breast cancer [17]. These studies, as in this study, demonstrate a strong
relationship between perfusion, vascular normalization, and hypoxia.

A limiting factor in the present study is the choice for the time at which to apply anti-
angiogenic therapy, 1-week prior to RT. We observed the intra-tumor heterogeneity
appeared to be more uniform or homogenous one week after receiving DC101, and by the
second week, this uniformity was lost, where tumor angiogenesis, neovascular growth, and
vascular physiology was reestablished (Figs.1 and 2). Thus, the removal of neovasculature
by DC101 may have temporarily alleviated heterogeneity in perfusion around 1-week post
DC101. However, the radiation response at 1-week clearly varied across tumors, thus the
results were inconclusive and the time unsubstantiated. Similarly, variations in the timing of
anti-angiogenic therapy resulting in tumor vasculature normalization were observed in other
models. In glioma xenografts, a normalization window occurred five days after DC101
treatment, resulting in a significant decrease in hypoxia and increase in tumor growth delay.
However, this normalization window was short-lived, where the tumor response to radiation
was significantly reduced during the first few days after DC101 and beyond 1-week [5].
Other AADs, such as sunitinib, when treating SCCVII xenograft tumors, observed an
increase in pO2 within a range of days, 2-to-6 days, and extended tumor growth delay if RT
was applied at an appropriate time [18]. The choice of a single time appears to be somewhat
arbitrary. Further studies will need to be performed to map this therapeutic window over
time, such as applying RT at different time points after DC101 treatment.

Under current anti-angiogenic therapy protocols, the applied dose is based on total body
weight and a common time at which to apply RT (e.g., normalization) is anticipated.
However, the inter-relationship of dose and timing introduces variability when combining
anti-angiogenic therapy and RT under such protocols, as demonstrated in this study.
Monitoring potential diagnostic factors such as perfusion or VEGFR-2 expression may help
to reduce this uncertainty. In addition another potential diagnostic factor observed by Fenton
et al is tumor volume, where they showed DC101-induced hypoxia in mammary carcinomas
depended on the tumor size and DC101 dose [19]. In our study the (baseline tumor volume)-
to-(DC101 dose) ration or VDR was compared to the tumor’s radiation sensitivity (tumor
growth delay) and perfusion (Fig. S4). For the DC101-plus-RT cohort, tumor perfusion
lying within a moderate VDR range (3.16 ± 1.28 [mm3/(mg/kg)]) remained at their highest
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level (at 1-week) and was associated with an increase in tumor growth delay, while a VDR
above or below this range did not respond or responded poorly to RT. Similar to Fenton et
al, the appropriate dose may be related to the initial tumor burden and could help reduce the
arbitrariness or uncertainty in the time at which a favorable response to radiation therapy. In
our study, this relationship did not reach statistical significance and requires further study.

We observed improved tumor vasculature and blood flow after anti-angiogenic therapy in
pancreatic cancer correlated with increased sensitivity to radiation. It is also possible that a
concurrent reduction in survival mechanisms associated with the VEGF pathway may also
contribute to the radio-sensitizing of the tumor, such as the indirect inhibition of vessel
formation which can enhance the radiation effect under anoxia and hypoxia [20]; the down-
regulation of cell survival pathways can radiosensitize endothelial and cancer cells [21], the
enhancement of tumor cell apoptosis due to the loss of endothelial cells derived paracrine
factors [22]. Given that DC101 appears to remain active beyond 1-week (Fig. 1) while some
tumors still respond negatively (Fig. 4) suggests improved microcirculation (and
oxygenation) maybe a more prominent radiosensitive factor compared to inhibition of the
VEGF pathway [5].

CONCLUSIONS
Overall, this study has shown the ability of DCE-CT in determining anti-angiogenic therapy
related vascular normalization window for combined RT as well as identifying factors, in
particular perfusion, that are associated with the response of pancreatic tumors to RT.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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The role of radiation and anti-angiogenic therapy in pancreatic cancer remains
controversial, where currently applied protocols are believed to contribute to the lack of
any therapeutic benefit. After identifying tumor perfusion as a prognostic factor of
radiosensitivity, the relationship between AAT dose and tumor burden on enhanced local
control was investigated.
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Fig. 1.
Plotted are the average percent change and standard deviation (SD) in tumor perfusion (A)
and Fp (B) as a function of time post-DC101 injection, and the average root-mean-square
(RMS) of histogram distribution for perfusion (C) and Fp (D). (* P<0.05; ** P<0.01, error
bar:±SD)
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Fig. 2.
Physiological maps of perfusion and Fp for BxPC-3 pancreatic tumors at five different days:
baseline, 2, 7, 14, and 21. From left to right: control, high-dose DC101, and low-dose
DC101.
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Fig. 3.
Plotted are the average relative tumor growth and SD as a function of time for control, high-
dose DC101, low-dose DC101, radiotherapy groups, and DC101-plus-RT (HD and LD)
treatment groups (*P<0.05; **P<0.01 among control and RT or DC101
groups; #P<0.05; ##P<0.01, among DC101 and DC101-plus-RT groups; error bar:±SD).
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Fig. 4.
Tumors receiving combined DC101-plus-RT are categorized based on their physiological
changes after DC101 treatment. Histograms for perfusion (left) and Fp (middle), and relative
tumor growth (right), for a representative tumor in the negative (A) and positive (B)
responding groups are displayed.
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Fig. 5.
(A) Average percentage change in perfusion and Fp for the positive (n=4) and negative (n=
5) responding tumors 1-week post-DC101 treatment are compared to corresponding baseline
values. (B) Average relative growth in the positive and negative responding tumors is
compared to 5 and 7 Gy RT groups. (C) Represents the portion inside the dashed line
rectangular in Fig. 5B, which highlights the reduced variance and statistical significance in
the early tumor growth delay response. (* P<0.05; ** P<0.01; error bar:±SD)
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