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Abstract

Purpose—To evaluate a new ultrasound molecular imaging approach in its ability to image a
preclinical tumor model and to investigate the capacity to visualize and quantify co-registered
microvascular and molecular imaging volumes.

Procedures—Molecular imaging using the new technique was compared with a conventional
ultrasound molecular imaging technique (multi-pulse imaging) by varying the injected
microbubble dose and scanning each animal using both techniques. Each of the 14 animals was
randomly assigned one of three doses; bolus dose was varied, and the animals were imaged for
three consecutive days so that each animal received every dose.

A microvascular scan was also acquired for each animal by administering an infusion of non-
targeted microbubbles. These scans were paired with co-registered molecular images (VEGFR2-
targeted microbubbles), the vessels were segmented, and the spatial relationships between vessels
and VEGFR2 targeting locations were analyzed. In 5 animals, an additional scan was performed in
which the animal received a bolus of microbubbles targeted to E- and P-selectin. \essel tortuosity
as a function of distance from VEGF and selectin targeting was analyzed in these animals.

Results—Although resulting differences in image intensity due to varying microbubble dose
were not significant between the two lowest doses, superharmonic imaging had significantly
higher contrast-to-tissue ratio (CTR) than multi-pulse imaging (mean across all doses: 13.98 dB
for molecular acoustic angiography vs. 0.53 dB for multi-pulse imaging; p = 4.9 x 10710),
Analysis of registered microvascular and molecular imaging volumes indicated that vessel
tortuosity decreases with increasing distance from both VEGFR2 and selectin targeting sites.

Conclusions—Molecular acoustic angiography (superharmonic molecular imaging) exhibited a
significant increase in CTR at all doses tested due to superior rejection of tissue artifact signals.
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Due to the high resolution of acoustic angiography molecular imaging, it is possible to analyze
spatial relationships in aligned microvascular and molecular superharmonic imaging volumes.
Future studies are required to separate the effects of biomarker expression and blood flow kinetics
in comparing local tortuosity differences between different endothelial markers such as VEGFR2,
E-selectin and P-selectin.
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Introduction

The development of microbubble contrast agents has enabled ultrasound molecular imaging
through the use of microbubbles targeted to vascular endothelium [1-5]. Compared to other
molecular imaging modalities, ultrasound molecular imaging is lower in cost, provides
higher throughput, and does not require the use of ionizing radiation. However, molecular
imaging with ultrasound also has relatively low sensitivity to accumulated microbubbles and
is subject to false positive artifacts, which arise when signals originating in tissue appear in
contrast agent-specific imaging mode. In addition, the B-mode ultrasound image used for
anatomy is less diagnostically useful than, for example, the computed tomography (CT)
image in combined positron emission tomography-computed tomography (PET/CT) or
single photon emission computed tomography-computed tomography (SPECT/CT) systems.
These multi-modality systems allow the molecular scan to be overlaid onto a CT scan,
enabling spatial localization of targeting, and have demonstrated higher accuracy in
localizing tumors of the lung, thyroid, breast, and prostate relative to molecular imaging
alone [6-11]. In some cases, combined SPECT and CT angiography images have been used
to visualize molecular targeting relative to hemodynamics, either using an integrated system
[12] or in sequentially-acquired images [13]. By combining molecular images with
angiographic rather than tissue data, these systems contribute unique diagnostic information
not found in typical SPECT/CT images.

While ultrasound molecular imaging has been utilized widely in preclinical imaging studies,
until recently there were obstacles to the use of targeted microbubbles in humans because
targeted microbubbles were frequently formulated with streptavidin in the shell, which
produces an immune response in humans [14]. Recently, several advancements have been
made towards imaging in humans, including the development of a phospholipid-shelled
microbubble with a lipopeptide targeted to vascular endothelial growth factor receptor 2
(VEGFR?2) [15], a single-chain VEGF microbubble [16], a Cyclo-Arg-Gly-Asp-D-Tyr-Cys
(cyclic RGD) microbubble targeted to the a.,f3 integrin [17], a protein-shelled multi-modal
agent targeted to a3 [18], and a lipid-shelled microbubble targeted to E-selectin [19].
Researchers have also recently presented a polymer-shelled microbubble targeted to E-
selectin that can be imaged at very low doses, potentially mitigating the immune response
[20].
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Ultrasound molecular images are typically overlaid on a grayscale B-mode ultrasound
image, a map indicating differential acoustic impedance of tissue scatterers—typically many
randomly-positioned sub-resolution scatterers that produce constructive interference, or
speckle [21]. In ultrasound, the molecular image that is overlaid onto the B-mode image is
typically formed using contrast-specific multi-pulse sequences, which cancel the linear
signals produced by tissue and form images using only the nonlinear signals, ideally
microbubbles alone [22]. In reality, nonlinear (i.e. harmonic) signals are produced by many
structures in tissue [23], causing high-amplitude tissue artifacts in microbubble-specific
imaging techniques [24, 25], which reduces contrast-to-tissue ratio (CTR) and can make
images more difficult to interpret. An alternative approach for contrast-specific ultrasound
imaging is superharmonic imaging, which requires a non-traditional ultra-wide-band
transducer (often designed with two separate low and high frequency transmit and receive
elements) to receive signals produced by microbubbles at frequencies many times higher
than the transmitted frequency, where tissue harmonics are extremely low in amplitude [26,
27]. We have previously demonstrated the application of superharmonic detection for
imaging 3-D volumes of tissue [28]. This technique produces high resolution, high contrast-
to-tissue images of the microvasculature, and hence is referred to as “acoustic angiography”
because the images resemble traditional x-ray angiography. This method has recently been
used to identify developing tumors as small as 2-3 mm on the basis of detecting a tumor’s
angiogenic fingerprint from image-derived metrics of vessel tortuosity [29], and to illustrate
that vascular remodeling occurs outside of the tumor itself [30]. Using this technique, CTRS
as high as 25.5 dB have been measured /in vitro [31]. /n vivo CTR may be improved by
adjusting the shape of the transmitted acoustic pulse to further reduce tissue artifact [32].
Using a prototype dual-frequency transducer [28], the resolution of this approach in vascular
imaging is ~100 pm, although the presence of microbubbles in sub-resolution vessels can
also be detected and quantified [33].

Despite its ability to form high resolution, high contrast vascular images, acoustic
angiography is a challenging tool to use for molecular imaging because the superharmonic
signals are associated with substantial microbubble oscillations which often lead to
microbubble shell rupture and gas dissolution over one or multiple pulses [34]. However, it
is possible to perform acoustic angiography with the same bubbles repeatedly through
reduced acoustic pressures and minimized bubble acoustic exposure with low frame rates.
By controlling the transmitted acoustic pressure and the step size between successive
transmit pulses, we have previously demonstrated the ability to form high resolution, high
contrast superharmonic molecular images which can be overlaid on microvascular images
[35]. These imaging volumes might be useful for treatment planning and monitoring in
highly vascularized tumors. In this work, we describe the use of this high resolution
approach, molecular acoustic angiography, to image fibrosarcoma tumors in rodents. The
purpose of this study is to measure the CTR and analyze the response to varying
microbubble dose for both superharmonic and multi-pulse ultrasound molecular imaging and
to assess the ability to analyze spatial relationships between molecular and microvascular
imaging volumes in vascular tumors.
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Material and Methods

Animal imaging
The Fisher 344 rat fibrosarcoma (FSA) model was prepared as previously described, with a
~1 mm-sized piece of tumor implanted subcutaneously in the flank of 14 animals [36]. /n
vivo imaging began on the eighth day after tumor implantation when tumors were 5.9 + 1.6
mm in diameter. Imaging was performed under anesthesia via vaporized isoflurane and
oxygen; contrast agents were injected using a 24 gauge catheter inserted into a tail vein. Fur
was removed by shaving and depilation, and ultrasound gel was applied to the skin. A heated
imaging stage was used to maintain body temperature. Acquisition times were less than 1
min for each B-mode or molecular volume and between 1 and 2 min for each microvascular
volume. All animal experiments were performed in accordance with the Institutional Animal
Care and Use Committee of The University of North Carolina at Chapel Hill.

The image acquisition workflow is illustrated in Fig. 1. Each animal was first imaged using a
Siemens Sequoia 512 (Mountain View, CA) and a 15L8 linear array transducer. The
transducer was mounted on a linear motion stage to acquire 3D volumes with a step size of
250 um. A B-mode volume was acquired, followed by a contrast-specific pre-scan volume.
Next, a bolus of microbubbles targeted to VEGFR2 (single chain, Targeson Visistar®
VEGFR2, San Diego, CA) was injected. After a 12 min wait for free bubbles to clear,
targeted images were acquired in contrast-specific imaging mode. All microbubbles were
then destroyed using the motion stage to translate the transducer through the imaging region
while transmitting a high-mechanical index pulse (MI1=1.9). Finally, a post-destruction
imaging volume was acquired for comparison. Contrast-specific images were acquired using
multi-pulse contrast pulse sequence (CPS) mode [22] at a frequency of 3.5/7 MHz and a
mechanical index of 0.18. B-mode images were acquired using the same transducer at 14
MHz and a mechanical index of 0.72.

The animal was then imaged using a modified VisualSonics Vevo 770 system with a
prototype transducer [28] for molecular acoustic angiography. This mechanically-steered
transducer transmits at 4 MHz and receives at 30 MHz. It is also mounted on a motion stage
for acquisition of 3D volumes. Animal preparation was identical to that previously
described. For acoustic angiography scans, most artifacts such as shadowing or high-
amplitude tissue artifacts can be avoided by adequate depilation and gel application, just as
in general small animal imaging with ultrasound. Again, a B-mode (30 MHz) imaging
volume was acquired, followed by a dual-frequency (transmit 4 MHz/receive 30 MHz, Ml =
0.62) pre-scan, followed by injection of a bolus of VEGFR2-targeted microbubbles. After a
12 min wait, targeted images were acquired using a step size of 250 um to ensure
microbubbles were not destroyed when imaging the adjacent imaging plane [35]. Three
more 3D scans were performed at an M1 of 0.62 to ensure all bound microbubbles were
destroyed before acquisition of a post-destruction volume. Destruction of targeted
microbubbles was confirmed visually and by comparison of pre-scan and post-destruction
images. Finally, an infusion of 1.5x108 untargeted microbubbles/min was injected using a
pump (Harvard Apparatus, PHD2000) and microvascular imaging volumes were acquired
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with a step size of 100 um between 2D images. 14 animals were scanned using this protocol
for three consecutive days.

Prior to microvascular imaging, 5 of 14 animals received a single additional bolus injection
of microbubbles targeted to both E- and P-selectin (Targeson Visistar® Selectin, San Diego,
CA). The use of a second targeted microbubble with a different targeting moiety allows
comparison between microvascular morphology with molecular information in both
VEGFR? (angiogenesis) and selectin (inflammation) imaging volumes. Tumor-specific
binding of microbubbles targeted to inflammatory markers E- and P-selectin has previously
been observed by other researchers [37, 38]. The upregulation of P- and E-selectin
expression during tumor growth and metastasis [39-44] has previously been reported, as
VEGFR2 enhances E-selectin induction in association with tumor necrosis factor a (TNF-
a) [45].

Microbubble dose

Three bolus doses of VEGFR2-targeted microbubbles were used: 7.6 x 10°, 1.25 x 107, and
2.5 x 107 microbubbles, determined using an Accusizer 780 (Particle Sizing Systems, Santa
Barbara, CA). Each animal was randomly assigned one of the three doses on day 1, then
rotated through the other two doses on days 2 and 3 so that every animal received each dose
in random order. Imaging was always performed first using conventional multi-pulse
imaging (Siemens CPS), thus any effects due to multiple injections (i.e. targeting locations
being blocked due to the first injection of VEGFR2-targeted bubbles) would appear only on
the molecular acoustic angiography scan and would be identical for all animals. Animals
receiving a second bolus of microbubbles targeted to E- and P-selectin received a dose
matched to the dose of VEGF-targeted microbubbles they received that day (either 7.6 x 108
or 2.5 x 107 microbubbles/ml).

Image processing and analysis

For molecular imaging data acquired using VEGFR2-targeted microbubbles and multi-pulse
imaging (Siemens CPS), the region containing the tumor was determined by manually
drawing a 2D region of interest (ROI) around the tumor (CPS mode images, Fig. 1b, bottom
row) using a custom program (Matlab, The Mathworks, Natick, MA). ROIs were drawn in
each imaging slice containing a tumor for every animal. The mean value of the image
intensity within each ROI in the targeted imaging volumes was computed, and microbubble
signal from any remaining free-flowing bubbles was accounted for by subtracting the mean
intensity of the post-destruction frames for the same ROI. In order to compute image
intensity from tissue, the manually-selected ROI was laterally translated to three other
locations adjacent to the tumor and were separated by a distance greater than the lateral
dimension of the tumor. Computation of tissue signal was performed using pre-scans that
did not contain microbubbles. The mean of all three regions in all tumor-containing slices
was computed. Image intensity is typically used to quantify contrast signal in ultrasound
molecular imaging even though this signal has undergone compression before being
displayed, which may result in nonlinear mapping of signal amplitudes.
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For molecular imaging data acquired using VEGFR2-targeted microbubbles and dual-
frequency superharmonic imaging (molecular acoustic angiography), the tumor-containing
region was determined by manually drawing ROIs around the image in each 2D slice (Fig.
1b, top row) containing a tumor in the VEGFR2-targeted volume using a custom Matlab
program, and the ROI was applied to the post-destruction volume to calculate mean signal
from any remaining microbubbles in circulation. To compute the image intensity from
tissue, the ROI was again laterally translated to three other locations adjacent to the tumor
and were separated by a distance greater than the lateral dimension of the tumor. Tissue
computations were made using pre-scans that did not contain microbubbles.

Mean intensity of pre-injection and post-destruction images were compared using t-tests for
both multi-pulse imaging and superharmonic imaging and no significant differences were
found, indicating that targeted images were not significantly influenced by free bubbles
remaining in circulation after the 12 min wait. Microbubble dose groups were analyzed
using ANOVA and Tukey post-hoc analysis to compare targeting signal intensity for each of
the 3 microbubble doses tested using both imaging techniques.

For microvascular imaging data acquired using non-targeted microbubbles and dual-
frequency superharmonic imaging (acoustic angiography), tumor regions were masked using
the manually-drawn ROIs, and individual tumor vessels (e.g. those seen in Fig. 1e, top row)
were segmented from the imaging volumes using centerline extraction via height ridge
traversal with manually defined seed points [46]. Coordinates of the centroid of molecular
imaging targeting sites were determined using a custom Matlab program. These targeting
site coordinates and coordinates from vessel segmentations were read into Matlab. Vessel
coordinates were down-sampled to match the image spacing of the molecular imaging data.
For each vessel in a segmented microvascular volume, the distance from every point on this
vessel to every targeting site was determined. Vessel diameter, as determined by the
segmentation process, was accounted for in computing this distance. Finally, vessel
tortuosity was computed [46, 47] and related to the distance between individual vessels and
molecular targeting sites.

Comparison of multi-pulse and superharmonic molecular imaging

Typical images before and after injection of VEGFR2-targeted microbubbles for both multi-
pulse and superharmonic imaging approaches are shown in Fig. 2 for an example
microbubble dose. On-screen intensities were used to evaluate targeting, as is customary in
ultrasound molecular imaging. However, unlike most ultrasound molecular imaging systems,
the superharmonic molecular imaging volume contains many dark regions punctuated by
bright targeting sites due to its high resolution (Fig. 2). Thus ROIs in superharmonic images
contain many near-zero values, causing averaging over an ROI to depress the mean.

Analysis using ANOVA revealed that targeting intensity for both imaging techniques varies
with contrast dose (p = 9 x 10~7 for multi-pulse, p = 1 x 1073 for superharmonic). Tukey
post-hoc analysis further showed that neither technique detected a significant difference in
targeting between the lowest microbubble dose (7.6 x 106) and the intermediate dose (1.25 x
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107). However, the highest contrast dose tested (2.5 x 107) resulted in significantly greater
targeting signal intensity for both imaging techniques (p < 0.01). Contrast-to-tissue ratio
(CTR) was computed for each imaging approach using the ROIs drawn in the tissue-
containing regions in the pre-scans and the tumor-containing regions in the targeted images.
By normalizing to tissue signals, system-dependent differences are greatly reduced. CTR
grouped by dose for all administrations of VEGFR2-targeted microbubbles in 14 animals is
shown in Fig. 3. Mean CTR was 0.53 dB for multi-pulse molecular imaging (Siemens
Sequoia CPS mode) and 13.98 dB for superharmonic molecular imaging (p = 4.9 x 10710),

Spatial analysis of microvascular and molecular acoustic angiography imaging

Illustrative co-registered acoustic angiography images of microvasculature and molecular
imaging are displayed in Fig. 4. The images shown are maximum intensity projections of
microvascular and molecular imaging volumes acquired sequentially in one of the five
animals receiving sequential injections of VEGFR2- and selectin-targeted microbubbles.

Segmented images containing only tumor vasculature are displayed in Fig. 5. After
segmentation, each “tube” representing a vessel is described by centerline coordinates and a
radius at each point along its length (Fig. 5a). The segmented centerlines are used to
compute vessel tortuosity, which can be displayed as a color-coded map of tortuosity on the
vasculature (Fig. 5b). Targeting sites from either co-registered VEGFR2 (Fig. 5¢) or selectin
(Fig. 5d) molecular imaging can be overlaid on a tortuosity map. While it is challenging to
visualize precise spatial relationships between vessel tortuosity and targeting in this 2D
display format, Fig. 5 allows for conceptualization of the acquired data sets, which have
been parameterized to a 3D data set consisting of local vessel tortuosity and intra-tumoral
targeting of two different contrast agents.

Mean tortuosity (distance metric [47]) is displayed as a function of distance to the targeting
site in Fig. 6. Both VEGFR2 and selectin-targeted microbubbles exhibit decreases in
tortuosity over distances of 100s of micrometers. The trends are similar across the two
different types of agents, with maximum tortuosity values occurring very close to both
VEGFR?2 and selectin-targeting locations.

Discussion

Comparison of multi-pulse and superharmonic molecular imaging

Although differences between doses on the basis of on-screen image intensity were only
statistically significant for the largest microbubble dose, superharmonic molecular imaging
showed increased tissue rejection and increased separation between dose groups relative to
multi-pulse imaging. As mentioned, analysis of molecular imaging using the standard
approach based on image intensity is difficult given the large number of near-zero values in
the superharmonic molecular imaging volume (Fig. 2). Because of this and the excellent
ability of superharmonic imaging to reject tissue, computed CTR values are much higher for
superharmonic than for multi-pulse molecular imaging (13.98 dB vs. 0.53 dB; p =
4.9x10710),
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We previously reported that the molecular superharmonic signal decreases by ~50% from
the first to the second scan, and nearly to the noise floor after the third scan, indicating that
most microbubbles are destroyed rapidly by this process [35]. However, it is unclear how
many bubbles might be destroyed or dislodged by off-axis acoustic pressure on a given
microbubble when the beam is in a prior imaging location. Thus there may be more targeted
bubbles present, and the targeting may be less sparse than what can be imaged using the
current imaging system and prototype transducer.

Spatial analysis of microvascular and molecular acoustic angiography imaging

In addition to the improved CTR of the superharmonic contrast imaging approach, another
advantage of this technology is the ability to combine molecular imaging with the vascular
morphology information provided by acoustic angiography. We have demonstrated the
feasibility of quantitative spatial analysis of vessel tortuosity and molecular targeting for the
first time (Fig. 6). Differences in tortuosity as a function of distance from individual
targeting sites were observed at very small distances (inter-group step sizes < 100 pm) while
still within the tumor itself. This complements our previous work, which indicates that
changes in vessel tortuosity occur outside of the margins of solid tumors [30]. In this study,
tortuosity within the tumor was observed to decrease with distance from VEGFR2 and
selectin targeting locations, suggesting a relationship between both endothelial biomarkers
and the tortuous morphology arising in the dysfunctional tumor microenvironment. While
VEGF is the most prominent molecule associated with angiogenesis in the literature [48—
50], selectin-targeted microbubbles have previously been reported to produce a higher
targeting signal than VEGFR2-targeted bubbles in a murine model of colon
adenocarcinoma, particularly for small tumors [51]. There is also evidence that VEGF plays
an important role in regulating expression of E-selectin [45, 52] and that selectins are
involved in angiogenesis, independently of VEGF [53-57]. Specifically, previous studies
have shown that anti-E-selectin antibodies inhibit capillary tube formation /n vitro [57], and
that exogenous E-selectin induces angiogenesis /77 vivo in the rat cornea [54]. In addition, in
investigating the role of P-selectin in angiogenesis in a hind-limb ischemia model,
researchers found that P-selectin knockout mice exhibited significantly lower capillary
density, as fewer leukocytes infiltrated into ischemic tissues and fewer of the infiltrated
leukocytes expressed VEGF [53].

The similar trends in tortuosity with distance for both agents may also reflect microbubble
kinetics in small angiogenic vessels, which tend to have low shear flow, with binding
efficiency in shear flow also dependent upon ligand concentration on the microbubble
surface [58, 59]. While shear flow is a major determining factor in flow kinetics [60],
increased shear stress is also correlated with reduced E-selectin expression [61, 62],
consistent with high E-selectin expression in tumor angiogenesis.

Microbubble oscillation has been reported to decrease in smaller vessels [63], i.e. the newly-
formed and tortuous vessels found in tumor angiogenesis [64]. It is unknown exactly how
this physical confinement effect translates to superharmonic imaging, though we have
previously observed that transitioning from /n vitroto in vivo experiments in vessels of the
same diameters required scaling of acoustic pressures by factors greater than what can be

Mol Imaging Biol. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lindsey et al. Page 9

explained by attenuation [35]. Superharmonic molecular imaging also requires higher peak
acoustic pressures than multi-pulse techniques [34].

Conclusions

Superharmonic molecular imaging, or molecular acoustic angiography, exhibits a significant
increase in CTR relative to traditional ultrasound molecular imaging techniques. Due to the
high resolution of acoustic angiography molecular imaging, it is possible to co-relate
microvascular and molecular information contained in ultrasound superharmonic imaging
volumes. This allows for direct comparison between geometry of newly-forming tumor
vasculature and the markers expressed by endothelial cells within the tumor. In order to
better understand and analyze these relationships, future studies are required to separate the
effects of binding efficiency and blood flow kinetics.
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Fig. 1.
Data acquisition and image processing flow for both superharmonic (acoustic angiography;

top row) and multi-pulse (bottom row) ultrasound molecular imaging. All animals were
imaged using both systems on the same day. a 3D B-mode and contrast-specific pre-scans
are acquired using a motorized motion stage. b Targeted contrast agent is administered and
3D images are acquired in contrast-specific imaging modes after a 12 min wait. Targeted
bubbles are then destroyed by high Ml scanning, and a post-scan is acquired. ¢ Free
microbubbles are administered and a microvascular imaging or “acoustic angiography” scan
is acquired for the superharmonic imaging case only. Using the described data sets, it is now
possible to combine d 3D molecular imaging data sets on both systems, with e either
vascular or B-mode data to produce f combined visualizations of anatomical and functional
imaging data.
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Fig. 2.
Ilustrative images for the cases shown in Fig 1 demonstrate the tissue-only images before a

bolus injection of 1.25x10°® microbubbles for both multi-pulse and superharmonic
ultrasound molecular imaging. Scale bars represent 2 mm.
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Fig. 3.

Contrast-to-tissue ratio (CTR) for a multi-pulse and b superharmonic molecular imaging as
a function of microbubble dose. ¢ CTR pooled across all administered doses indicates
significantly higher CTR for superharmonic imaging (p = 4.9x10710),
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Fig. 4.
Results of acquiring sequential scans of microbubbles targeted to a VEGFR2 and b both E-

and P-selectin. ¢ Combining sequential targeted scans using microbubble populations
targeted to different markers provides opportunities for analyzing the differential
biodistribution of endothelial markers with respect to one another and with respect to
microvascular information. MIPs are integrated over the 2.5 cm field of view, encompassing
approximately 1 cm of tissue. Scale bar represents 2 mm.
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Fig. 5.

Se%mented imaging volume containing a microvascular imaging data within the tumor, b
microvascular imaging data with color-coded tortuosity (increasing red indicates increasing
tortuosity), ¢ microvascular imaging data with color-coded tortuosity and VEGFR2 targeting
data (green), and d microvascular imaging data with color-coded tortuosity and selectin
targeting data (blue). Scale bar represents 2 mm.
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Fig. 6.

Tukey boxplots relating vascular tortuosity and distance between vessels and targeting sites,
a VEGFR2 (n= 14 animals) and b Selectin (5 animals).
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