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Abstract—Agents targeting vascular endothelial growth factor (VEGF) have beenvalidated as cancer therapeutics,
yet efficacy can differ widely between tumor types and individual patients. In addition, such agents are costly and
can have significant toxicities. Rapid noninvasive determination of response could provide significant benefits. We
tested if response to the anti-VEGF antibody bevacizumab (BV) could be detected using contrast-enhanced ultra-
sound imaging (CEUS). We used two xenograft model systems with previously well-characterized responses to
VEGF inhibition, a responder (SK-NEP-1) and a non-responder (NGP), and examined perfusion-related parame-
ters. CEUS demonstrated that BV treatment arrested the increase in blood volume in the SK-NEP-1 tumor group
only. Molecular imaging of aVb3 with targeted microbubbles was a more sensitive prognostic indicator of BVeffi-
cacy. CEUS using RGD-labeled microbubbles showed a robust decrease in aVb3 vasculature following BV treat-
ment in SK-NEP-1 tumors. Paralleling these findings, lectin perfusion assays detected a disproportionate
pruning of smaller, branch vessels. Therefore, we conclude that the response to BV can be identified soon after initi-
ation of treatment, often within 3 days, by use of CEUS molecular imaging techniques. The use of a noninvasive
ultrasound approach may allow for earlier and more effective determination of efficacy of antiangiogenic therapy.
(E-mail:mark.borden@colorado.edu, jjk47@columbia.edu and dy39@columbia.edu) � 2012World Federation
for Ultrasound in Medicine & Biology.
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INTRODUCTION

The emergence of treatments that target specific biologic
processes in tumors, such as blood vessel development,
has beenonlymodestly successful overall, yet highly effec-
tive in subsets of patients. This variability, combined with
the potential adverse effects and high cost of these novel
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treatments, suggests that a rapid noninvasive means of
benchmarking tumor responses would be useful. In this
work, we used contrast-enhanced ultrasound (CEUS) to
monitor immediate tumor vascular changes in response to
anti-VEGF therapy. Ultrasound contrast agents were used
to measure the relative tumor blood volumes and levels
of angiogenic activity in two tumor types known to be
responsive or non-responsive to VEGF blockade therapy.
Two quantitative CEUS techniques were compared with
histologic analysis of tissue with the goal of identifying
themost accurate prognosticmethod of clearly distinguish-
ing responder from non-responder tumor types within
a short time after commencement of treatment.

While ultrasound has been used in clinical settings
for over 40 years, recent technological advances have
opened the doors to many new applications. The high
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compressibility and resonance behavior of gas-filled mi-
crobubbles makes them useful intravascular ultrasound
contrast agents, allowing their acoustic signal to be readily
differentiated from tissue. Contrast detection modes are
already available on several clinical ultrasound scanners.
CEUS provides real-time imaging at the bedside for qual-
itative tracking and quantitative measurement of
perfusion-related biomarkers (Williams et al. 2011).
CEUS is currently used to assess malignancy of liver,
bowel, kidney, pancreas, breast and prostate lesions by
measuring perfusion-related parameters, such as uptake
and washout of contrast (Wilson and Burns 2010;
Wilson et al. 2009). Additionally, CEUS has been used
to illustrate the response of tumor models to VEGF
blockade (Cheung et al. 2007; Forsberg et al. 2004;
Guibal et al. 2010; Hoyt et al. 2010) but few studies
have focused on differentiating responder from non-
responder neoplasms. CEUS also has been used in clinical
pilot studies to predict improvement in progression-free
and overall survival of patients with renal cell carcinoma
treated with sorafenib (Nexavar) (Lamuraglia et al. 2006),
as well as predicting gastrointestinal tumor responses to
imatinib (Glivec) therapy (Lassau et al. 2006). However,
these prior studies did not utilize targeted microbubbles
for molecular imaging to distinguish cohorts of responder
and non-responder tumors.

In these studies, we used two tumor models with
previously extensively characterized and divergent
responses to VEGF inhibition. Xenografts from the SK-
NEP-1 human Ewing family tumor cell line (Smith
et al. 2008), are highly responsive to various anti-VEGF
agents, with significant loss of vasculature and inhibition
of growth. In contrast, xenografts from the NGP human
neuroblastoma cell line continue to grow with only slight
restriction and minimally destabilized vessels (Huang
et al. 2003; Kim et al. 2002; Rowe et al. 2000a, 2000b).
We asked, using CEUS, whether differences in
microbubble signal enhancement could differentiate
between the responder (SK-NEP-1) and non-responder
(NGP) tumor models and whether such changes could
be detected early after the start of treatment with the
anti-VEGF antibody bevacizumab (BV). Our findings
suggest that a noninvasive ultrasound imaging strategy
can provide a rapid readout of tumor responsiveness to
VEGF inhibition between cohorts of tumor-bearing
mice, which may be extended to allow for tailoring
therapy for individual patients.
METHODS

Microbubble formulation and peptide conjugation
Lipid-coated microbubbles used in this study

were produced by a shaking method (Unger et al. 1992).
In our procedure, a lipid stock solution containing 90 mol
% 1,2-distearyol-sn-glycero-3-phosphocholine (DSPC), 5
mol% 1,2-distearyol-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)2000] (DSPE-PEG2000)
and 5 mol% 1,2-distearyol-sn-glycero-3-phospho-
ethanolamine-N-[maleimide(polyethylene glycol)2000]
(DSPE-PEG2000-Maleimide), purchased from Avanti
Polar Lipids (Alabaster, AL, USA), was made in 150
mM NaCl phosphate buffered saline (PBS) pH 7.4 at 1
mg/mL of total lipid. 2 mL of the lipid solution was
warmed to 60�C in a sealed 3-mL glass serum vial
(Wheaton, Millville, NJ, USA) and briefly bath soni-
cated to disperse the lipid. The air headspace was
exchanged with perfluorobutane gas (PFB) obtained
fromFluoroMed (RoundRock, TX,USA) using a custom
gas exchange apparatus. The pressure in the vial was
vented to the atmosphere and the microbubbles were
formed by rapidly shaking the vial for 45 s using a Vial-
Mix shaker (Bristol-Myers Squibb, New York City, NY,
USA). Five vials were prepared and the microbubble
suspensions were pooled.

Lipid vesicles andmicrobubbles less than 2mmdiam-
eter were removed using methods previously described
(Feshitan et al. 2009; Sirsi et al. 2010). Our previous
research has demonstrated that small microbubbles
(,2 mm diameter) are poor contrast agents for high-
frequency fundamental mode imaging (40 MHz) (Sirsi
et al. 2010). Larger microbubbles (.3 mm diameter)
demonstrated greater signal enhancement and longer
circulation times. Previous research has also demonstrated
that size-selectedmicrobubbles (mean diameter of 3.3mm)
produce approximately a 20-fold signal enhancement
compared with the polydisperse bubbles (mean diameter
of 0.9 mm) for molecular imaging using a clinical ultra-
sound scanner (Streeter et al. 2010). Therefore, microbub-
bles smaller than 2 mmwere removed from suspension for
this study. Microbubble size-selection was performed by
differential centrifugation (Feshitan et al. 2009; Sirsi
et al. 2010). Briefly, the microbubble suspension was
repeatedly centrifuged at 90 relative centrifugal force
(RCF) for 1 min using a bucket-rotor centrifuge (Model
5804; Eppendorf, Westbury, NY, USA) to remove bubbles
less than 2 mm. The final microbubble cake was resus-
pended in 2 mL of PBS (pH 6.5; 5 mM EDTA). The
concentration and size distribution of the resulting suspen-
sion were evaluated using an Accusizer 280A (NICOMP
Particle Sizing Systems, Santa Barbara, CA, USA).

All microbubbles were labeled with cysteine-
modified cyclic RGD or RAD peptides (Peptides Interna-
tional, Louisville, KY,USA). The peptideswere dissolved
in a degassed 3 vol%, 10 mg/mL acetic acid solution
(Sigma Aldrich, St. Louis, MO, USA) and combined
with 1 mL of the size-selected microbubble suspension
to a 30:1 peptide:maleimide molar ratio. The peptides
were mixed with microbubbles end-over-end at 4�C



Fig. 1. Typical number-weighted (a) and volume-weighted (b)
distributions of size-selected microbubbles after removal of

the sub-2 mm diameter population.
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overnight to allow the thiol reactive maleimide groups on
distal ends of the PEG chains (incorporated into the mi-
crobubble shell) to bind with the cysteine end-groups of
the peptide. Attachment to the PEG terminus ensured
that the ligands were extended beyond the polymer brush
layer and exposed to the surrounding milieu. The peptide-
bearingmicrobubbleswere then concentrated by centrifu-
gation (90 RCF for 1 min). The resulting microbubble
cake was resuspended in 0.5 mL sterile PBS (pH 7.4)
and then stored until needed. Prior to injection, the micro-
bubbles were sized and counted, then diluted to achieve
2.5 3 107 microbubbles per injection. Stability tests re-
vealed negligible change in microbubble size or concen-
tration during the experiment. Microbubbles used in this
study had a median diameter of 4.5 6 0.7 mm (Fig. 1).

Preparation and treatment of xenograft tumors
All animal experiments were approved by the

Columbia University Institutional Animal Care and Use
Committee. A total of 106 cultured human SK-NEP-1 or
NGP cells were implanted intrarenally in 4–6-week-old
female NCR nude mice as described (Huang et al. 2003;
Kim et al. 2002) and resulting xenografts monitored
for growth using bioluminescence. At a threshold
corresponding to 1–2 g, tumors were randomized to
control or treatment groups (cohort size 5–8 mice per
modality and treatment group, indicated in figure
legends). BV 0.5 mg (2.5 mg/mL) was administered IV
through the tail vein immediately after CEUS imaging
on days 0 and 3. Albumin (2.5 mg/mL) was used as
a placebo for control studies. Animals were sacrificed
by CO2 inhalation at indicated time points (at day 5
after serial imaging studies and at days 0, 1, 3 and 5 for
control and lectin perfusion analyses).

Tumor size progression
Our previous studies have demonstrated that xeno-

grafts formed in the kidney of NCR nude mice with the
human Ewing family tumor cell line SK-NEP-1 are
highly sensitive while human neuroblastoma NGP cell
line are much less responsive to VEGF blockade therapy
(Huang et al. 2003; Kim et al. 2002; Rowe et al. 2000a,
2000b), likely due to up-regulation of alternate proangio-
genic pathways. For these experiments, intrarenally im-
planted xenograft tumors were monitored for growth
and randomly assigned to biweekly injections of anti-
VEGF antibody BVor vehicle.

Cohorts of tumor-bearing animals were serially
imaged at day 0 (pretreatment) and days 1, 3 and 5 after
the first drug injection using a high-frequency ultrasound
imaging system (Vevo 770; VisualSonics, Toronto, On-
tario, Canada) equipped with a 30-MHz transducer.
Two-dimensional (2-D) B-mode ultrasound images
were acquired using a field of view of 17 3 17 mm2.
To confirm the characterization of responsiveness, 2-D
tumor area by ultrasonography was measured using Vis-
ualSonics imaging software. The mouse and ultrasound
transducer were oriented in the same position between
imaging sessions. 2-D tumor area was measured in the
midsection of the tumor, where the cross-sectional area
was the largest. Tumor images from the previous imaging
session were used to maximize the accuracy of locating
the same 2-D plane in each tumor for the duration of
the study.

Contrast enhanced ultrasound imaging
CEUS was performed during each imaging session

and prior to BV treatment (on days 0 and 3). Mice were
anesthetized and tail veins catheterized for injections,
as previously described (Sirsi et al. 2010). A 50-mL bolus
(2.5 3 107 microbubbles) was injected by hand (�3 s)
followed by a 15-mL saline flush. The bolus was injected
while imaging in contrast mode at the maximum frame
rate for respiratory gating (�11 frames/s), 100% power.
Pilot studies on imaging targeted microbubbles bound
to the tumor vasculature demonstrated negligible signal
loss until a lower frequency, higher intensity burst pulse
was applied, indicating that microbubbles remained
stable during normal CEUS imaging. RAD- and RGD-
microbubble injections were randomized. Background
reference subtraction was performed to detect video
intensity enhancement caused by the microbubbles using
VisualSonics contrast detection software.

Quantifying relative blood volume
Contrast enhanced ultrasound imaging was per-

formed to evaluate the relative blood volume of the
tumors using 2-D maximum intensity persistence (MIP)
images of the microbubble contrast enhancement. MIPs
were acquired using non-targeted RAD-microbubbles.
A region-of-interest (ROI) was drawn around the hypoe-
choic tumor region and the total contrast enhancement
was determined by calculating the sum of the linearized
pixel intensities within the ROI. A time-intensity curve
was generated from the series of MIP images and used
to quantify the contrast enhancement. The rationale for
using time-intensity curves from the MIP images rather



1022 Ultrasound in Medicine and Biology Volume 38, Number 6, 2012
than conventional, frame-by-frame time-intensity curves
was based on previous research demonstrating that the
maximum enhancement using MIP analysis can capture
antiangiogenic therapy effects more reliably and earlier
than conventional time-intensity analysis (Palmowski
et al. 2009). The relative blood volume was determined
from the overall increase in signal intensity of the result-
ing MIP time-intensity curves. The maximum signal
enhancement was calculated by fitting the MIP time-
intensity curves to the following equation using the Visu-
alSonics contrast-mode software package:

IðtÞ5A
�
12e2B�t� (1)

Where I is the linearized video signal intensity, A is the
maximum signal enhancement in the ROI and B is
a rate constant describing the influx of contrast agent
into the ROI. The relative blood volume (rbv) was given
as the maximum signal enhancement, A. Equation (1) was
used solely to extract the plateau value of the MIP time-
intensity curve. The rate constant, B, was not used for
data analysis in this study.
Quantifying relative targeted microbubble adhesion
For ultrasound molecular imaging, a series of

proprietary lower frequency, higher pressure burst pulses
was applied to destroy microbubbles in the field of view
after a 10-min dwell period (Dayton and Rychak 2007).
Video images were captured immediately before and
after the microbubble burst pulse, which was imple-
mented through the VisualSonics contrast-mode software
package. An ROI was drawn around the hypoechoic
tumor region, as above. The contrast enhancement was
determined by calculating the sum of the linearized pixel
intensities within the ROI. Relative targeted microbubble
adhesion (rtma) was measured as the difference in video
intensity within the ROI for targeted RGD-microbubbles
minus that for RAD-microbubbles, as follows:

rtma5
�
IRGDbefore

2IRGDafter

�
2
�
IRAD before2IRAD after

�
(2)

where IRGD before and IRGD after are the average video inten-
sities before and after the burst pulse from the RGD-
microbubbles and IRAD before and IRAD after are the average
video intensities before and after the burst pulse from the
RAD-microbubbles. Averages were taken over a 10-s
period before and after the burst pulse.
Lectin perfusion studies
A portion of mice were sacrificed for microscopic

analysis of the tumors. These mice were given identical
BV treatment, however, CEUS was not performed. At
euthanasia, mice were injected with fluorescein-labeled
Lycopersicon esculentum lectin (100 mg/100 mL PBS;
Vector Laboratories, Burlingame, CA, USA). Vasculature
was fixed by infusing 1% paraformaldehyde and 40-mm
sections were cut using a vibratome. Computer-assisted
image analysis was used to examine changes in specific
vessel features by skeletonizing images and then scoring
these by computer using Adobe Photoshop 5.0 (Adobe
Systems, San Jose, CA, USA) as described by Wild
et al (Wild et al. 2000). Briefly, skeletonizing was per-
formed by converting color images to black and white
using a constant threshold value. Black and white images
were filtered to remove erroneous spots (non-vessels),
then a skeletonization command (Photoshop) was applied
to reduce the vessels to single lines (pixel width of 1)
from which the vessel length and number of branching
points were determined. Four to eight tumors for each
condition (day 0, 1, 3, 5 BV) were examined with 10–
15 images per tumor analyzed for vessel length and
branching. Histology sections were taken in random
sections of the tumor.
Statistical methods
For the blood volumemeasurements, a linear mixed-

effects regression model was implemented using the SAS
PROC MIXED procedure (SAS Software Version 9.1,
SAS Institute, Cary, NC, USA) to evaluate differences in
overall trends between cohorts. The model estimates
linear trajectories for each cohort over time while
accounting for comparisons among repeated measure-
ments from the same mice. The intercept was treated as
a random effect and covariate to account for the differ-
ences between mice at baseline. A maximum likelihood
method was used for estimation of the regression coeffi-
cient. For the ultrasound targeted imaging, a nonlinear
modelwas implemented using the SASPROCNLMIXED
procedure including random effects. A nonlinear model
was required for rtma measurements since the data was
constrained by a lower limit (0% of initial binding), which
several mice reached 3 days following treatment. The data
was then fit to an exponential decay (e2kt). The decay
constant (k) term was used for comparison between
cohorts. Comparisons of lectin perfusion studies, as well
as relative changes in mean tumor size, rbv and rtma
values, between BV- and vehicle-treated and day 0 control
tumors at days 1, 3 and 5 were calculated using a two-
tailed parametric Student’s t-test.
RESULTS

Microbubble size distribution
Figure 1 shows typical number and volumeweighted

size distributions for the microbubbles used in this study.
The number-weighted median diameter was 4.5 6 0.7
mm, which is slightly smaller than the diameter of
a typical red blood cell. A small portion of microbubbles



Fig. 2. Bevacizumab arrests tumor growth in SK-NEP-1 tumors
but not NGP tumors. NCR nude mice implanted with either SK-
NEP-1 or NGP renal tumors were imaged with high-frequency
ultrasound following bolus injections of size-selectedmicrobub-
bles. Micewere imaged at 0, 1, 3 and 5 days. Bevacizumab (BV)
or albumin (Con) was administered immediately after the
imaging sessions on days 0 and 3. The tumor 2-D cross-
sectional area was determined from the ultrasound images using
VisualSonics software. Area measurements of the tumor were
calculated from the ultrasound images using a region-of-
interest (ROI) that encompassed the hypoechoic region of the
kidney (tumor tissue). All area measurements were performed
in the midsection of the tumor. The tumor areas for BV-treated
and Con groups were compared for the SK-NEP-1 (n 5 6 and
7, respectively) and NGP cohorts (n 5 7 and 7, respectively).
BV treatment significantly arrested tumor growth in SK-NEP-
1 xenografts at day 5 in comparison to control but not in NGP

xenografts, *p, 0.05 relative to albumin control (Con).
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greater than 8 mm (�7%) were present, which may have
been larger than some neovessels in the tumor. However,
we recently showed that similar size distributions showed
insignificant trapping in the renal vasculature of healthy
mice (Sirsi et al. 2011), indicating that larger microbub-
bles can deform or dissolve to accommodate vessel
constrictions, as was previously observed by Lindner
et al. for Definity� (Lantheus Medical Imaging, N.
Billerica, MA, USA) microbubbles (Lindner et al. 2002).
Fig. 3. Contrast-enhanced ultrasound (CEUS) images of relati
enhancement. Representative tumors with total microbubble sig
NGP groups are shown at day 0 and day 3. Hypoechoic tumo
enhancement is colored green. In contrast to the SK-NEP-1 C
NEP-1 tumors showed no increase in size or microbubble signal

images was 17 3
Tumor size progression
Tumor progression was monitored by ultrasonog-

raphy as hypoechoic areas in the B-mode images
(Fig. 2). Treatment of SK-NEP-1 mice with BV essen-
tially arrested tumor growth over the 5-day period
(4.7 6 8.6% mean decrease in cross-sectional area),
compared with continued growth in the control tumors
(41.7 6 28.4% mean increase in cross-sectional area)
(p , 0.05). Growth of NGP tumors was unaffected by
BV treatment (44.1 6 31.4% vs. 97.3 6 96.9%, BV vs.
control, p 5 0.28). These results along with analysis of
lectin perfusion studies of the vasculature (see Lectin
perfusion results section), verify our classification of
SK-NEP-1 as a responder and NGP as a non-responder
to VEGF blockade therapy.
Relative blood volume
The relative blood volume (rbv) of the tumor was

measured using the total microbubble signal enhance-
ment. The rbv in SK-NEP-1 and NGP xenograft tumors
was measured using high-frequency ultrasound and
size-selected microbubbles optimized for CEUS imaging
studies. Figure 3 shows representative CEUS images with
contrast overlays (green) for control and BV treated SK-
NEP-1 (Fig. 3a) and NGP mice (Fig. 3b) before and 3
days after treatment. The hypoechoic tumor regions are
outlined in white. Following microbubble injection,
contrast was observed heterogeneously throughout the
tumor region. In some cases for SK-NEP-1 control and
NGP treated/control, the tumor midsection grew such
that the periphery was outside the 17 3 17 mm2 field of
view by day 5. This was not observed for BV-treated
SK-NEP-1 tumors.

Figure 4 shows results for rbv for the four groups.
The rbv showed no trend in the individual BV-treated
SK-NEP-1 mice (Fig. 4a) while an increasing trend was
ve tumor blood volume measured by microbubble signal
nal enhancement overlays from the (a) SK-NEP-1 and (b)
r regions are outlined in white and microbubble signal
on, NGP Con and NGP BV groups, the BV-treated SK-
enhancement. The field of view for each of the ultrasound
17 mm2.



Fig. 4. Contrast-enhanced ultrasound (CEUS) evaluation of tumor blood volume. The relative blood volume (rbv) was
quantified in the tumor region on days 0, 1, 3 and 5. (a) Individual BV-treated SK-NEP-1 tumors show no overall trend
over 5 days whereas (b) a noticeable increase in rbv is observed for BV-treated NGP mice. Mean rbv values are shown at
each day for (c) SK-NEP-1 and (d) NGP tumors. Linear regression lines were applied to the mean rbv values from 0 to 5
days for the Con (- - -) and BV (—) groups. The slope of the regression lines for Con (,) and BV-treated (-) tumors were
compared for the SK-NEP-1 (n5 7 and 6, respectively) and NGP cohorts (n5 6 and 7, respectively) using a linear mixed-
effects model. * indicates that the mean valuewas significantly different from the initial baseline measurement (p, 0.05).
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observed in BV-treated NGP tumors (Fig. 4b), indicating
that NGP tumors were unresponsive to BV therapy. The
mean rbv in BV-treated SK-NEP-1 tumors was
unchanged at days 1, 3 and 5 (p 5 0.67, 0.66 and 0.40,
respectively) (Fig. 4c). BV-treated NGP tumors, on the
other hand, showed an increase in mean rbv of 38 6
21% (p 5 0.0004) by day 1, 57 6 48% (p 5 0.0056)
by day 3 and 105641% (p , 0.00001) by day 5
(Fig. 4d). For the control groups, mean rbv increased
for both SK-NEP-1 and NGP tumors by day 5 (p 5
0.034 and 0.0096, respectively). A linear mixed-effects
model was used to evaluate the combined effects over 5
days (Fig. 4c and d). The slopes of the linear regression
between BV-treated and control SK-NEP-1 cohorts
were statistically different (p 5 0.0044) while no differ-
ence between the NGP treated and control group was
observed (p 5 0.25). Thus, CEUS imaging showed that
BV treatment arrested the increase in microbubble signal
intensity in responder SK-NEP-1 tumors but not the
other groups.

Relative targeted microbubble adhesion
CEUS imaging using targeted microbubbles was

used to evaluate aVb3 integrin, which is expressed prefer-
entially on actively proliferating vessels found in growing
tumors (Brooks et al. 1994). Microbubbles were targeted
to this epitope by surface conjugation of RGD peptide
(RAD peptide serving as control). Figure 5 shows repre-
sentative CEUS images with contrast overlays (green) for
BV-treated SK-NEP-1 (Fig. 5a) and NGP mice (Fig. 5b)
before and 3 days after treatment. Images are shown
before and after a burst pulse (BP) was applied to destroy
targeted microbubbles bound to the angiogenic vascula-
ture. Time-intensity curves over this period are also
shown.

Relative targeted microbubble adhesion (rtma) was
quantified by the drop in tumor pixel intensity following
the microbubble-burst pulse (vs. RAD control) (Fig. 6).
For SK-NEP-1 tumors, all BV-treated mice showed
a significant reduction in rtma values by day 3
(Fig. 6a). No trend was observed for BV-treated NGP
tumors (Fig. 6b). BV-treated SK-NEP-1 mean rtma did
not change significantly after 1 day but it decreased 91
6 5% (p , 0.00001) by day 3 and 99 6 5% (p ,
0.00001) by day 5 (Fig. 6c). The mean rtma values
decreased also for BV-treated NGP and control mice
but at slower rates (Fig. 5d). The decay rates were
compared using a nonlinear exponential decay model
(Fig. 6c and d). The difference in decay rates between
BV-treated and control SK-NEP-1 were statistically
different (p 5 0.022) while no difference was observed
between treated and control NGP (p5 0.26). Thus, ultra-
sound molecular imaging showed a robust decrease in
aVb3 integrin expression as early as 3 days following
BV treatment only for the responder, SK-NEP-1, and
not the other groups.



Fig. 5. Contrast-enhanced ultrasound (CEUS) images of tumor angiogenesis. The expression of aVb3 integrin in the
vessels of the tumor region was evaluated in the same mice using CEUS with RGD-labeled microbubbles (vs. RAD
control). Representative tumors with microbubble contrast overlays from the (a) SK-NEP-1 and (b) NGP groups are
shown at day 0 and day 3 following a 10-min dwell time after bolus injection (53 108 mL21, 50 mL). Images are shown
before (left) and after (right) the burst pulse was applied to fragment the microbubbles in the field of view. The corre-
sponding video intensity-time curve is shown below each pair of images for both RGD-labeled (blue) and RAD-

labeled (red) microbubble injections.
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Lectin perfusion
Quantified changes in lectin perfusion studies of

tumor vasculature were consistent with changes detected
by CEUS. Compared with day 0 controls, microvessel
density (MVD) in BV-treated SK-NEP-1 tumors
decreased by 66% at day 1, 75% at day 3 and 78% at
day 5 (p 5 0.003, each) whereas MVD did not change
in BV-treated NGP tumors. Control SK-NEP-1 and
NGP tumor perfusion also did not change over the exper-
imental period. BV treatment significantly decreased
total vessel length in SK-NEP-1 at days 1, 3 and 5 (p 5
0.01, p 5 0.01, p 5 0.001) but not in NGP tumors
(Fig. 7b). New vascular branches can form a dynamic
and relatively VEGF-dependent element in angiogenic



Fig. 6. Contrast-enhanced ultrasound (CEUS) evaluation of tumor angiogenesis. The relative targeted microbubble adhe-
sion (rtma) was quantified in the tumor region on days 0, 1, 3 and 5. (a) All BV-treated SK-NEP-1 tumors showed
a dramatic decrease in rtma at day 3, which remained consistently low at day 5. (b) No noticeable trend was observed
in BV-treated NGP tumors. Mean rtma values are shown for (c) SK-NEP-1 and (d) NGP tumors for BV treated and control
groups. An exponential curve fit (e2kt) was applied to the Con (- - -) and BV (—) groups using a nonlinear mixed-effects
model. The decay constant (k) for Con (,) and BV-treated (-) groups were compared for the SK-NEP-1 (n5 7 and 6,

respectively) and NGP cohorts (n 5 7 and 7, respectively).
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networks. Similar to the pattern of change detected in the
aVb3 integrin-expressing vessels using RGD-tagged mi-
crobubbles, BV significantly decreased total vascular
branch number in SK-NEP-1 at days 3 and 5 (p 5
0.014) but not in NGP (Fig. 7c). A small but significant
increase in vessel length and branching is observed in
NGP control tumors at day 1 only (p , 0.05), however,
no overall trend is observed over the course of 5 days.
Taken together, these analyses suggest that BV treatment
reduced overall perfusion in SK-NEP-1 tumors, with
disproportionate pruning of smaller, branch vessels.
DISCUSSION

Biologically targeted agents hold promise for
increasing effectiveness of cancer treatment, yet opti-
mizing their use may require the development of new
assessment strategies. In this set of preclinical studies,
we have demonstrated that it is possible to clearly distin-
guish responder from non-responder tumors after BV
treatment in cohorts of mice, sometimes as early as 3
days after treatment initiation. Prognostic imaging
biomarkers, including tumor size progression, total mi-
crobubble signal enhancement (proportional to blood
volume) and relative targeted microbubble adhesion
(proportional to aVb3 integrin concentration on the
luminal surface of the endothelium) were identified using
CEUS. The techniques used in the study and the corre-
sponding results are critically analyzed below and
compared with possible prognostic methods of evaluating
tumor responses to BV therapy.

Tumor size progression
Tumor growth was assessed using 2-D ultrasonog-

raphy to measure increases in tumor area. BV treated
SK-NEP-1 tumors did not statistically change in size
during the experiment after administration of BV treat-
ment (Fig. 2). Lack of tumor regression is consistent
with previous studies on the effects of antiangiogenic
therapy in similar tumor models (Guibal et al. 2010;
Pysz et al. 2010). Overall, control or unresponsive
tumors grew rapidly, increasing in cross-sectional area
ranging up to 100% in 5 days after initiating treatment.
Previous research on BV treatment in similar SK-NEP-1
tumor models indicates that untreated tumors grew 3–4
weeks before their tumor areas increased to the same
degree observed in this study (Guibal et al. 2010). The
rapid growth observed in our studies may be attributed
to different stages of tumor growth before initiating BV
treatment (initial tumor sizes were not reported by Guibal
et al.). The change in tumor morphology over the course
of the experiment may be a potential source of error for
2-D image analysis, given the increased difficulty in iden-
tifying the exact portion of the tumor that was previously
imaged. However, we were able detect significant
increases in tumor area 5 days after initiating
BV treatment, indicating that our methodology for moni-
toring tumor progression was adequate. The tumor



Fig. 7. Established SK-NEP-1 and NGP tumors were injected IV with fluorescein-labeled L. esculentum lectin, prior to
sacrifice at day 0, or after 1, 3 or 5 days of treatment with either vehicle (Con) or bevacizumab (BV). (a) Representative
fluorescent images at days 0 and 3 of BV treatment. After binarization of the images, total length was calculated by skel-
etonizing the images and then scoring total vessel length (b) and number of branch points (c) by computer. BV treatment
significantly decreased vessel length and branching in SK-NEP-1 at days 1, 3, 5 (*p, 0.05 relative to baseline, # p, 0.05

relative to control) but not in NGP tumors.
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progression rates observed in this study may be atypical
compared with those observed in clinical practice, thus,
we do not expect that monitoring tumor progression by
changes in cross-sectional area alone is an adequate
approach for monitoring BV therapy.

Relative blood volume
The rbv in tumors was measured by the total contrast

enhancement within the hypoechoic tumor region caused
by bolus injections of microbubbles. The total contrast
enhancement was measured, as opposed to mean contrast
enhancement per area, to account for variability in tumor
perfusion during tumor growth. SK-NEP-1 tumors
exhibit necrosis during tumor progression (Guibal et al.
2010), which decreases the mean blood volume and,
therefore, changes in total signal enhancement are
a more appropriate measure of changes in the total blood
volume. The rbv represents one of the simplest methods
of measuring a basic parameter related to the tumor
vasculature that could be applied in a clinical setting.
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BV treated SK-NEP-1 tumors showed a slight
decrease in rbvwhile SK-NEP-1 control and NGP tumors
all showed increased rbv levels (Fig. 3). Interestingly,
histology indicates that BV treated SK-NEP-1 tumors
exhibit reduced vessel lengths and fewer vessel branching
points detectable one day following BV treatment
(Fig. 7). Based on the histologic results, onewould expect
that rbv levels should be much lower in BV treated SK-
NEP-1 tumors. This suggests that the overall blood
volume measured by our CEUS methodology may be
skewed toward detecting larger established vessels that
are minimally affected by BV treatment. Additionally,
changes in morphology during tumor progression may
be responsible for the variability in rbv values observed
during longitudinal imaging. It is likely that the sensi-
tivity of the rbv parameter would benefit from nonlinear
contrast modes and three-dimensional (3-D) ultrasonog-
raphy to measure microbubble signal in the tumor
volumes (Feingold et al. 2010). Overall, CEUS imaging
of the rbv shows a difference in trends between BV
treated and control SK-NEP-1 cohorts.

Relative targeted microbubble adhesion
The rtma parameter was a more consistent predictor

of response compared with the rbv.BV treated SK-NEP-1
tumors showed significant decreases in rtma by day 3,
with 100% of treated mice exhibiting less than 15% of
their initial rtma values. The mean rtma value 1 day after
initiating BV treatment was slightly lower (87 6 59% of
pretreatment rtma), consistent with the histologic anal-
ysis of tissue, although this was not statistically signifi-
cant compared with the pretreatment rtma (p 5 0.61,
Fig. 6c). The results observed in this study are consistent
with previous research demonstrating a significant reduc-
tion in targeted microbubble binding after initiating anti-
angiogenic therapy in LS174T colon cancer xenografts
(Pysz et al. 2010). These results also are consistent with
the histologic findings presented here and similar studies
described previously (Bagi and Anderson 2010; Hudson
et al. 2011; Mancuso et al. 2006; Watson et al. 2011).

The rtma analysis demonstrates lower levels of
targetedmicrobubble binding inNGP tumors prior to treat-
ment. This may be due to variability in endogenous levels
of aVb3 integrin expression between the two tumor
models; however, this has yet to be confirmed histologi-
cally. A low initial level of targeted microbubble binding
reduces the sensitivity of the measurement and may cause
false positive results in predicting BV tumor response.We
also observed a small degree of nonspecific binding for the
RAD control microbubbles in SK-NEP-1 at baseline
(Fig. 5a). This result indicates that nonspecific adhesion
was more prevalent in the neovasculature (i.e., short
branches), which were reduced by the BV treatment.
Improving molecular imaging sensitivity, therefore, may
be necessary for clinical application. This could be
accomplished by varying targeted microbubble dosages,
improving ligand specificity, or application of acoustic
radiation forces during imaging to promote microbubble-
ligand interactions (Rychak et al. 2007; Zhao et al. 2004).

Decreases in rtma were observed unexpectedly for
SK-NEP-1 control and NGP tumors over the course of 5
days. The reduced rtma is inconsistent with histologic
evidence, which shows no effect on the vasculature in
these groups.One possible explanation is that the decrease
in rtma is an artifact of 2-D ultrasonography in combina-
tion with rapid tumor progression (Feingold et al. 2010).
More vascularized portions of the tumor are likelymoving
out of the 2-D field of view during tumor progression,
artificially reducing the rtma value. As with measuring
rbv, the rtma measurements would likely benefit from 3-
D ultrasonography to measure microbubble binding in
the entire tumor volume. Despite some false positive
errors that were observed in SKNEP control and NGP
tumors,molecular imaging ofaVb3 shows promise toward
discerning responders and non-responders.

CONCLUSION

Overall, our study suggests that development of
rapid, imaging-based assessments for human patients is
feasible. Molecular imaging techniques may be a more
robust predictor of BV response compared with perfusion
imaging. However, future double-blind, long-term studies
with improved imaging methodology (e.g., nonlinear
contrast modes and 3-D) are necessary to determine the
efficacy for accurately predicting individual tumor
responses. Future work should also focus on the relation
to biologic consequences, such as changes in vascular
permeability,metastatic potential, hypoxia and other indi-
cators of vascular remodeling. With such improvements,
the development ofmicrobubbles targeted to cancer endo-
thelial biomarkers could make this technology a first-line
modality for diagnosing andmonitoring cancer angiogen-
esis, and molecular ultrasound imaging as demonstrated
here is a step toward individualized medicine. Coordi-
nated clinical use of such data could provide significant
benefits for patients by enabling earlier andmore effective
clinical decision-making. Lastly, given the high cost of
biologically targeted therapies like BV, such early assess-
ment of drug effectiveness could reduce the economic
strains of cancer treatment for patients and families.
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