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Abstract

Purpose—To develop and test a real-time motion compensation algorithm for contrast-enhanced
ultrasound imaging of tumor angiogenesis on a clinical ultrasound system.

Materials and methods—The Administrative Institutional Panel on Laboratory Animal Care
approved all experiments. A new motion correction algorithm measuring the sum of absolute
differences in pixel displacements within a designated tracking box was implemented in a clinical
ultrasound machine. In vivo angiogenesis measurements (expressed as percent contrast area) with
and without motion compensated maximum intensity persistence (MIP) ultrasound imaging were
analyzed in human colon cancer xenografts (n = 64) in mice. Differences in MIP ultrasound
imaging signal with and without motion compensation were compared and correlated with
displacements in x- and y-directions. The algorithm was tested in an additional twelve colon
cancer xenograft-bearing mice with (n = 6) and without (n = 6) anti-vascular therapy (ASA-404).
In vivo MIP percent contrast area measurements were quantitatively correlated with ex vivo
microvessel density (MVD) analysis.

Results—MIP percent contrast area was significantly different (P < 0.001) with and without
motion compensation. Differences in percent contrast area correlated significantly (P < 0.001)
with x- and y-displacements. MIP percent contrast area measurements were more reproducible
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with motion compensation (ICC = 0.69) than without (ICC = 0.51) on two consecutive ultrasound
scans. Following anti-vascular therapy, motion-compensated MIP percent contrast area
significantly (P = 0.03) decreased by 39.4 + 14.6 % compared to non-treated mice and correlated
well with ex vivo MVD analysis (Rho = 0.70; P = 0.05).

Conclusion—Real-time motion-compensated MIP ultrasound imaging allows reliable and
accurate quantification and monitoring of angiogenesis in tumors exposed to breathing-induced
motion artifacts.

Keywords

Maximum intensity persistence; MIP; Cancer; Ultrasound; Microbubbles; Vascular disrupting
agent; VDA

Introduction

Contrast-enhanced ultrasound imaging with contrast microbubbles (gas-filled, lipid-shelled
microspheres) is increasingly being used for detection and characterization of diseases in the
abdomen and pelvis [1-18], heart [19-21], breast [22—24], head and neck [25, 26], and brain
[27]. In addition to detection and characterization of diseases by analyzing enhancement
patterns following contrast micro-bubble administration, contrast-enhanced ultrasound
allows quantification of angiogenesis which could be used for stratifying and monitoring
cancer patients undergoing new anti-angiogenic or anti-vascular therapy [2, 28, 29]. Various
techniques for quantification of angiogenesis can be used in contrast-enhanced ultrasound
imaging, including the analysis of time-intensity curves after microbubble bolus injection
[28, 30], assessment of tissue reperfusion after microbubble destruction and replenishment
during continuous infusion of microbubbles [31-36], or measurement of maximum intensity
persistence (MIP) imaging plateau values [30, 37, 38].

In MIP ultrasound imaging, the image frames are summed over time resulting in the visual
outline of blood vessels as microbubbles trace through; as a result, visual maps of tissue
vascularity are obtained in real-time following microbubble bolus administration [3, 30, 37].
Recent studies have shown that MIP ultrasound imaging allows reliable and accurate
quantification and monitoring of tumor angiogenesis during anti-angiogenic therapy, using
ex vivo analyses as reference standard [30, 37]. Furthermore, it has been shown that
quantification of tumor angiogenesis with MIP ultrasound imaging is less dependent on the
contrast injection rate compared with traditional time-intensity analysis approaches [30],
suggesting that MIP ultrasound imaging may become a robust and promising real-time tool
for tumor angiogenesis quantification in the clinic [30]. However, a major challenge of
quantitative MIP ultrasound imaging is the frequent technical failure due to motion artifacts
[3], and motion compensation techniques are critically needed to improve this technique and
to help translating this promising approach into the clinic [3].

Therefore, the purpose of our study was to develop and implement a novel real-time motion
compensation algorithm for a clinical ultrasound imaging system, and to test this algorithm
for MIP ultrasound imaging in human colon cancer xenografts with breathing-induced
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motion artifacts and in mice undergoing anti-vascular therapy with a vascular disruptive
agent.

Materials and methods

Human colon cancer xenografts in mice

Experimental procedures on laboratory animals were approved by the Institutional
Administrative Panel on Laboratory Animal Care. Human LS174T colon adeno-carcinoma
cells (ATCC; Manassas, VA) were cultured in Minimum Essential Medium supplemented
with 10 % fetal bovine serum, and grown to 70-80 % confluency prior to trypsinization and
preparation for injection. 3 x 106 cells were resuspended in 50 pl of Matrigel (BD
Biosciences, San Jose, CA), and then injected subcutaneously on the mid-back region of 76
6-8 weeks old, female nude mice (Charles River, Wilmington, MA). This anatomical region
was chosen since breathing motion-artifacts in murine subcutaneous tumor xenografts are
pronounced at the level of the thorax. Tumors were grown for 5-12 days to obtain a broad
spectrum of tumor volumes. Tumor volumes were calculated by using the formula for a
prolate ellipsoid (776 x length x width x height, as measured by ultrasound) and averaged
867 + 547 mm3 (range 187—2,600 mm3).

Contrast-enhanced ultrasound imaging settings

Human colon cancer xenografts were imaged with a Siemens Sequoia Acuson 512 clinical
ultrasound scanner equipped with a prototype motion compensation software, and a 15L.8
linear array transducer (Siemens Medical Solutions, Mountain View, CA) at a center
frequency of 10.5 MHz (bandwidth, 65 %) and a mechanical index of 0.26. Brightness (B)-
mode and contrast-enhanced images, acquired using contrast-pulse sequencing (CPS), were
displayed side-by-side. The transducer was aligned to the center of the tumor (gauged by
largest diameter), and images were zoomed to a 20 mm (x-direction) by 15 mm (y-direction)
field-of-view. An acoustic focus zone was placed at the level of the tumor, and time/gain
compensation was applied to provide background tissue noise minimization (the gain was
kept constant at —20 in all animals). After the above machine settings were established for
the first animal, the same settings were applied for all animals in all experiments by aligning
the tumor in the fixed field of view. Contrast-enhanced images were acquired in the MIP
mode, which records the maximum intensity obtained on a pixel by pixel analysis over all
acquired imaging frames, thereby creating a visual map of the tumor vasculature [30, 37,
39]. A region of interest (ROI) was drawn manually over all tumors before contrast agent
administration, and MIP percent contrast area as a measure of percent tumor vascular
perfusion within the ROI was calculated in real-time after the contrast reached equilibrium
in the blood (represented as the imaging plateau value of the MIP percent contrast area
curve; Fig. 1) [30, 37, 39]. The MIP percent contrast area was calculated as the percentage
of pixels above the user-defined threshold intensity (threshold = 70 on scale from 0 (black)
to 255 (white) out of all the pixels contained within the ROI (Fig. 1). In all mice, 5 x 107
(180 pl injection volume) perfluorobutane-containing contrast microbubbles (Micro-
markers™; Visual Sonics, Toronto, Canada) were injected intravenously via a tail vein
catheter at a constant injection rate of 1.2 ml/min using an infusion pump (Genie Plus; Kent
Scientific, Torrington, CT), and real-time MIP percent contrast area measurements both with
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and without motion compensation were collected as described below. To assess
reproducibility, MIP percent contrast area measurements with and without motion
compensation were repeated 24 h apart in a subgroup of 6 mice.

Design of motion compensation algorithm

A prototype motion compensation algorithm (see Supplementary Material) was developed
and integrated into the software of a Sequoia Acuson 512 (Siemens; Mountain View, CA)
clinical ultrasound system. A rectangular user-defined motion tracking box was
implemented with adjustable size (width and height) and location (depth and lateral
location) (Fig. 1). During scanning, this tracking box was placed over the tumor on the B-
mode images. Real-time motion compensation was accomplished by measurement of the
vertical and horizontal displacements within the tracking box, and minimal displacements
within the tracking box were searched by the technique of sum of absolute differences
(SAD) [40], according to the following equation:

M N

SADu,L:ZZ ‘Ireference (]’ k) - Itracked (j—f—U, k+U)| 1)
j=1k=1

where the rectangular tracking box size is M x N pixels and the displacement search region
over uand vis 16 x 16 samples, corresponding to a maximum displacement of 0.75 mm in
vertical (y) and 1.0 mm in lateral (x) directions. The sampling indices, j and k, are used to
sum the absolute value of the difference between the reference image and the tracked image
over the region of interest. The reference frame, | gference IS the first tracking portion of the
first B-mode frame in the capture sequence. The tracked frame, lrackeq iS the tracking
portion of the current B-mode frame to be input to the MIP algorithm.

The best fit horizontal and vertical displacement region of interest being tracked was then
applied to the entire current frame in both B-mode and contrast mode in real-time during
data acquisition in MIP mode. If a large motion-induced displacement was detected during
the capture interval [a large displacement was defined as a displacement greater than 5 % of
the image width or height; at our settings, 5 % of 15 mm was 0.75 mm (y-direction); and 5
% of 20 mm was 1.0 mm (x-direction)], the MIP data acquisition was temporarily gated off
to “protect” the MIP data acquisition from transient large displacement events. During these
gated off intervals, the color of the tracking box was changed from green to red to indicate
that tracking was not being maintained.

Contrast-enhanced MIP ultrasound imaging data collection with and without motion
compensation

To allow an intra-animal comparison of MIP ultrasound imaging data acquired in the same
anatomical location and during the same contrast agent bolus injection both with and
without motion compensation in the first group of 64 mice, non-motion-compensated and
motion-compensated MIP percent coverage area data and corresponding images were
simultaneously recorded in the system memory, and access to these data in memory was
implemented through a toggle switch on the ultrasound machine. After the MIP percent
contrast area reached plateau following contrast agent administration as described above,

Angiogenesis. Author manuscript; available in PMC 2015 June 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pysz et al.

Page 5

motion-compensated MIP mode data collection was stopped, and the motion-compensated
MIP image frames were stored on the ultrasound machine. The display was then toggled to
the non-motion compensated MIP mode data collection, and the non-compensated MIP
image frames were stored on the ultrasound machine. MIP percent contrast area and
displacements in x- and y-directions over time were recorded as text files in addition to
JPEG-format images.

MIP ultrasound imaging data analysis

Motion-induced displacement data were imported into Microsoft Excel and analyzed in
random order by one blinded reader. Minimum, maximum, average, and standard deviations
of motion-induced direction-independent [absolute values of x: to the left (positive values)
or right (negative values); y: upwards (positive values) or downwards (negative values)]
displacements in tumor ROIs were calculated. Differences between MIP percent contrast
area without motion compensation and the MIP percent contrast area with motion
compensation (MIP percent contrast area|pc orr — MIP percent contrast area|yc on) Were
also calculated.

Motion-compensated MIP ultrasound imaging for monitoring anti-vascular therapy

In an additional group of 12 animals with human colon cancer xenografts, a baseline
contrast-enhanced MIP ultrasound imaging scan was acquired as detailed above. Mice were
then randomly divided into 2 groups: Mice in group 1 (n = 6) were treated with a single
intravenous administration of a vascular disruptive agent (ASA404; 15 mg/kg; Novartis,
Basel, Switzerland; 55 pl), and mice in the control group 2 (n = 6) received a single
intravenous injection of 55 ul saline only. Twenty-four hours after treatment, all tumors
were re-scanned in approximately the same imaging plane using the same protocol as
described above with and without real-time motion compensation.

Ex vivo analysis of tumors with immunofluorescence

After ultrasound imaging, tumors were excised and frozen in Optimum Cutting Temperature
(OCT; Tissue-Tek®, Fisher Scientific, Pittsburgh, PA). Frozen tissues sections (10 pum; 1
section per tumor) were mounted on microscope slides for immunofluorescence staining.
The sections were fixed in ice-cold acetone and immunostained for vascular endothelial
cells overnight at 4 degree Celsius with 1:100 primary rat anti-mouse CD31 antibody
(Abcam, Inc., Cambridge, MA). Secondary antibody [donkey anti-rat FITC-conjugated
antibody (Jackson Immunoresearch, West Grove, PA)] was applied at 1:300 dilution in
phosphate-buffered saline (Invitrogen, Carlsbad, CA) for 30 min at room temperature.
Coverslips were then mounted onto slides with anti-fading medium (Fisher Scientific,
Pittsburgh, PA). Fluorescent micrographs (100x) were captured using a microscope
(Axiovert 25; Carl Zeiss, Thornwood, NY) and a digital camera (AxioCam, Bernried,
Germany). Microvessel density analysis of non-treated (n = 5) and treated (n = 5) was
performed by summing the total number of vessels in 7 fields of view (per section), and
averaging per total field of view area (micrograph area was 0.14 um?) for each tissue section
[41].
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Statistical analysis

Results

All values were expressed as mean + SD. Two sample comparisons were analyzed using the
nonparametric Wilcoxon rank test. Paired comparisons were analyzed using the one-sample
Wilcoxon rank test. Correlation data were analyzed by calculation of the correlation
coefficient (between two contiguous measures) and the corresponding 95 % confidence
interval (Cl) based on Fisher’s transformation. Interclass correlation coefficient (ICC) was
estimated for evaluating agreement between two consecutive measurements and the 95 % CI
for ICC were constructed with the bootstrap method. ICCs were defined as follows: ICC, 0-
0.20: no agreement; ICC, 0.21-0.40: poor agreement; ICC, 0.41-0.60: moderate agreement;
ICC, 0.61-0.80: good agreement; and ICC, > 0.80: excellent agreement [42]. All statistical
analyses were performed using R.2.10.1 software (http://www.r-project.org/). A P value <
0.05 was considered statistically significant.

Effect of motion compensation on quantification of tumor angiogenesis

In order to assess the ability to compensate for motion artifacts during the real-time
quantification of vascular perfusion with ultrasound MIP imaging, the difference in percent
contrast area between images acquired with and without motion compensation was
calculated. Overall, there was a significant difference (P < 0.001) in measured MIP percent
contrast area with and without motion compensation in human colon cancer xenografts
(mean difference 9.7 £ 8.1 %; range 0.5-33.3 %) (Fig. 2a). A deep breath (gasping) occurred
in 28 of 64 (44 %) mice during MIP ultrasound imaging data acquisition, whereas there was
no gasping in 36/64 mice (56 %). Mean difference on motion-compensated versus non-
compensated MIP images regarding measured percent contrast area in mice with gasping
was 14.9 £ 8.2 % (range 2.3-33.3 %) (Fig. 2b, c); this was significantly higher (P < 0.001)
compared to the difference in percent contrast area in mice without gasping (mean 5.7 £ 5.2
%; range 0.5-18.8 %). Deep breathing occurred randomly in mice and was observed at the
beginning, mid period and end of MIP ultrasound imaging data acquisition.

Measurement of motion-induced displacements within the B-mode tracking box ranged
from 0.0 to 1.6 mm (mean 0.3 = 0.3 mm) in the x-direction and from 0.1 to 1.6 mm (mean
0.7 £ 0.4 mm) in the y-direction (Fig. 2d). Displacements in the y-direction were notably
higher than displacements in the x-direction (Fig. 2d), which is partly due to the position of
the tumor on the back of the mice (also see Supplementary videos). Displacements both in
x-direction (Rho = 0.56, 95 % CI: 0.37, 0.71; P < 0.001) and y-direction (Rho = 0.68; 95 %
Cl: 0.53, 0.80; P < 0.001) significantly correlated with differences in MIP percent contrast
area between motion-compensated and non-compensated MIP ultrasound images. These
data indicate that significantly more motion artifacts occurred with larger displacements, and
the real-time motion compensation algorithm could reliably correct for instances such as a
deep breath.

Reproducibility of motion-compensated MIP ultrasound imaging of tumor angiogenesis

Measurements of MIP percent contrast areas at two consecutive days with motion correction
were reproducible (ICC = 0.69; 95 % CI: 0.34, 0.93). Reproducibility of MIP percent
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contrast area measurements was decreased without motion compensation (ICC = 0.51; 95 %
Cl: 0.12, 0.89) (Fig. 3).

Monitoring anti-vascular therapy with motion-compensated MIP ultrasound imaging and
correlation with ex vivo analysis

There was no significant difference (P = 1.00) in tumor volumes before treatment
administration between mice with (896 + 576 mm?; range 462—2,039 mm?3) versus without
(925 + 592 mm3; range 420-2,039 mm?3) vascular disruptive therapy. Twenty-four hours
following anti-vascular therapy, percent contrast area significantly (P = 0.03) decreased
from an average 55.7 + 13.3 % (range 44.2-75.6 %) to an average 16.3 + 11.8 % (range 5.7—
39.3 %) (Fig. 4). In contrast, in saline-treated control mice, percent contrast area did not
significantly change (P = 1.00) after 24 h (mean percent contrast area before treatment, 63.0
+ 12.1 %; range 49.7-84.4 %; after saline treatment, 60.6 + 21.5 %; range 37.5-95.0 %).
After treatment, microvessel density significantly (P < 0.03) decreased in treated mice (12.9
+ 9.3 vessels per um?) compared to non-treated control mice (31.5 + 4.9 vessels per um?)
(Fig. 4). In vivo MIP percent contrast areas correlated well with ex vivo measurement of
tumor angiogenesis (Rho = 0.70; P = 0.05). Tumor volumes did not change in treated mice
(P =0.3) and increased (P = 0.01) in saline-treated control mice after 24 h.

Discussion

Our results showed that real-time motion compensation during contrast-enhanced MIP
ultrasound imaging is feasible for accurate and reliable quantification of tumor angiogenesis
in a human colon cancer xenograft model exposed to motion. In vivo motion-compensated
MIP percent contrast areas correlated well in assessing and monitoring extent of tumor
angiogenesis compared to ex vivo analysis during anti-vascular therapy. The new motion
compensation algorithm may further facilitate establishment of contrast-enhanced
ultrasound imaging as a reliable and accurate tool for real-time quantification of tumor
angiogenesis both in preclinical and clinical applications.

Due to its advantages including broad availability, versatility and portability, relatively low
costs, and lack of irradiation exposure, contrast-enhanced ultrasound imaging has
increasingly been explored for clinical management of patients (e.g., with focal liver lesions
among several other indications) [1, 43-45]. In addition to the option of analyzing
enhancement patterns in real-time over several minutes following intravenous contrast
microbubble injection with improved detection and tissue characterization of for example
tumors compared to non-enhanced B-mode imaging, contrast-enhanced ultrasound allows
assessment of tumor perfusion and angiogenesis [1]. Since ultrasound contrast agents can
also be modified to attach to molecular markers of angiogenesis [46, 47], thereby shedding
some light on the molecular profile of developing and treated tumors [48, 49], contrast-
enhanced ultrasound has a great potential as a non-invasive imaging tool for functional and
molecular monitoring of angiogenesis during tumor growth and following treatments such as
anti-angiogenic and anti-vascular therapies in the clinic [2, 47, 50-52]. However, since
ultrasound is a real-time exam with often active inclusion of the patient into the work flow
of the examination, contrast-enhanced ultrasound can be hampered by motion artifacts,
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including motion from patient movement and breathing artifacts. In a recent study of 17
patients with renal cell carcinoma undergoing anti-angiogenic therapy with sunitinib,
respiratory motion caused substantial errors in quantifying vascular properties of tumors
assessed both with the technique of bolus time-intensity analysis and disruption-
replenishment with often large fluctuations in the time-intensity curves [52]. Similarly, in a
study of 65 patients with focal liver lesions undergoing MIP ultrasound imaging, inability to
suspend respiration with consecutive motion artifacts was the most common reason for
failed ultrasound MIP ultrasound imaging [3]. Ultrasound MIP imaging quantifies tumor
angiogenesis with a technique analogous to “photographing a moving light at night with a
long exposure” [3]. It is, therefore, particularly prone to motion-induced artifacts [3, 30].

In our study we developed a new real-time motion-compensation algorithm for a clinical
ultrasound system and tested this technique for ultrasound MIP imaging in a human colon
cancer xenograft mouse model. To maximize respiratory motion-induced artifacts in this
mouse model, human xenografts were implanted onto the back of mice to simulate colon
cancer metastases to an organ exposed to motion, such as the liver. Also, gasping of some
mice under anesthesia with a single deep breath in our study simulated a clinical situation
with patients unable to hold the breath with short deep breathing in between breath holdings.
Our study showed that quantitative ultrasound MIP imaging data were substantially affected
by respiratory motion induced artifacts and that motion compensation resulted in significant
differences up to 33.3 % in the estimation of tumor angiogenesis compared to non-corrected
images. Not surprisingly, these differences in measured tumor angiogenesis with and
without motion correction were most pronounced in mice that spontaneously gasped during
data acquisition. Although spontaneous gasping was not a standardized respiratory excursion
with mice taking differently deep inspirations at different time points of data acquisition, it
was a helpful model to simulate more pronounced motion artifacts compared to the
relatively small excursions from regular breathing in mice. Although we could not influence
the occurrence of gasping in mice it was observed in a substantial 44 % of ultrasound exams
in our study.

To also assess reproducibility of motion-compensated MIP ultrasound imaging, a subgroup
of mice were scanned two times, 24 h apart. We found that motion-compensated MIP
ultrasound imaging was reproducible with an ICC of 0.69, while reproducibility was smaller
without motion compensation (interclass coefficient of 0.51). Our findings confirm results
from a recent study that demonstrated high reliability of MIP ultrasound imaging at
consecutive imaging sessions in a mouse hind limb tumor model that was not affected by
motion [37].

Preclinical MIP ultrasound imaging has also previously been used to measure vascular
changes following cancer treatment with anti-angiogenic therapies. Anti-vascular
endothelial growth factor (VEGF) antibody therapy (B20-4.1.1; Genentech) resulted in
moderate decreases (mean: 25 %) in vascularity measured with MIP ultrasound imaging 48
h post-treatment [37]. In contrast, the small molecule receptor tyrosine kinase inhibitor,
SU11248 (Sutent; Pfizer) more drastically reduced (mean: 43 %) MIP ultrasound signal
after 24 h of treatment, and continued to have reducing effects on MIP signal at 48 and 96 h
post-treatment [30]. Since MIP ultrasound imaging may also be useful for evaluating other
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agents for inhibiting tumor blood supply, we tested motion-compensated MIP ultrasound
imaging for monitoring tumor angiogenesis following vascular disruptive therapy (ASA404;
Novartis). In vivo MIP percent contrast area substantially decreased 24 h after intravenous
administration of ASA404 while MIP percent contrast area did not significantly change in
saline-treated control mice. Notably, there was no significant change in tumor volumes in
treated mice after 24 h. Ex vivo analysis of tumors after treatment confirmed a significant
decrease in microvessel density with no significant changes in control mice. Furthermore, in
vivo imaging signal correlated well with ex vivo microvessel density, suggesting that
motion-compensated MIP ultrasound imaging allows non-invasive monitoring of tumor
angiogenesis in anatomical regions affected by motion artifacts.

In previous studies, real-time motion compensation have been accomplished using
respiratory gating [53, 54] or registration-based [55] approaches; however, these techniques
require the use of additional monitoring equipment (e.g., respiration monitoring electrodes
or radiofrequency) to co-register with the ultrasound scanning system [56], and can decrease
the temporal resolution of ultrasound data acquisition [53, 54, 57]. Our proposed motion-
correction algorithm is a simple and robust technique that allows motion compensation in
real time using the SAD method on B-mode images which is an easy-to-compute approach
with small computational time and without the need of additional equipment. This real-time
motion tracking algorithm was also applied to measure rat kidney perfusion dynamics
(analyzing microbubble arrival time) following vasodilation or vasoconstriction [58]. In our
study, we further improve this software to increase the flexibility of tracking with a size- and
location-adjustable tracking box. We also validate for the first time that the real-time motion
compensation algorithm results in accurate measurements of tumor angiogenesis using MIP
ultrasound imaging and we show that quantitative motion-corrected values are significantly
different compared to measurements without motion compensation.

We acknowledge several limitations of our study. First, the new real-time motion
compensation algorithm allowed correction of motion artifacts only for in-plane motion in
the x and y directions and could not correct for out-of-plane motion artifacts. However, our
animal model was focused on simulating breathing-induced artifacts by placing the tumor
onto the back of the mice with the majority of displacements in the y direction (up/down),
and was not intended to account for out-of-plane motion (e.g., occurring when there is
spontaneous movement of the entire body of the animal, which we did not observe with the
animals under anesthesia during ultrasound scanning). Furthermore, while in this proof-of-
principle study, we only tested the effects of motion compensation for ultrasound MIP
imaging, it is likely that other quantitative contrast-enhanced ultrasound approaches such as
time-intensity analysis, destruction-replenishment methods, and ultrasound molecular
imaging may benefit from this technique and prospective experiments are needed to test this
hypothesis. Finally, we did not implant the human colon cancer xenografts orthotopically
into the liver which may have better reflected the anatomical environment of colon
metastases to the liver. However, we chose to instead implant the tumors at the back of the
mice because we found it technically less challenging to reliably localize subcutaneously
implanted xenografts versus orthotopic liver xenografts using a clinical ultrasound
transducer at a 10.5 MHz center frequency, considering the small anatomical dimensions in
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mice. Also, for longitudinal imaging experiments, we could better localize the approximate
same imaging plane in subcutaneous versus orthotopic xenografts.

In conclusion, our results suggest that ultrasound MIP imaging combined with a new motion
compensation algorithm allows reliable and accurate real-time quantification and monitoring
of tumor angiogenesis in a mouse tumor model with breathing-induced motion artifacts.
Future developments are needed to scale this technique from small animals to humans to
further establish quantitative contrast-enhanced ultrasound imaging for angiogenesis
imaging in the clinical arena.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Setup for real-time maximum intensity persistence (MIP) ultrasound imaging with motion

compensation. Motion compensation was accomplished by manually placing a tracking box
(green dotted line; green arrows) over the subcutaneous human colon cancer xenografts
located on the back of mice (a). A region of interest (ROI; yellow outline of tumor) was
drawn on both contrast mode (left) and B-mode (right) images before contrast agent
injection for real-time measurement of MIP percent contrast area. b MIP percent contrast
area in the ROI was calculated in real-time after contrast reached equilibrium and was
displayed graphically on the ultrasound screen (orange arrow). (Color figure online)
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Fig. 2.
Differences in MIP percent coverage area between vascular measurements with and without

motion compensation (y-axis: subtraction of motion compensation (MC) OFF minus MC
ON) for individual animals with varying vascularity levels (x-axis: motion-compensated
MIP percent coverage area); a summary of data in animals with moderate breathing
artifacts; b summary of animals where a deep breath or gasp occurred. Solid lines represent
the average value and dashed lines are the standard deviation for all individuals on each
plot. ¢ Representative transverse US images of two human colon cancer xenografts (yellow
line, ROI) show intra-animal comparisons of MIP percent contrast areas measured with (MC
ON; i and ii) and without (MC OFF; iii and iv) motion compensation (MC) in an animal
with moderate breathing artifacts (small displacement) and in an animal where a deep
breath/gasp occurred (large displacement). Note that varying levels of motion-induced
blurring artifacts occur without motion compensation (MC OFF) compared with motion
compensation (MC ON), especially when larger motion was a result of a deep breath (large
displacement). d Individual displacements in both x- and y-directions significantly
correlated well (P < 0.001) with differences measured between motion compensated and
non-compensated MIP signal (Difference = MC OFF minus MC ON). (Color figure online)

Angiogenesis. Author manuscript; available in PMC 2015 June 21.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Pysz et al. Page 16

Scan 1 Scan 2

Fig. 3.

Trinsverse MIP ultrasound images of a representative human colon cancer xenograft
scanned twice (separated by 24 h) with (a, b) and without (c, d) motion compensation (MC).
Note that measured MIP percent contrast area was more reproducible on the two consecutive
scans when motion compensation was turned on (MC on) compared to non-compensated
(MC off) images. Also note that the mouse gasped during the first exam, resulting in
substantial motion-induced blurring artifacts on non-compensated image (c)
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Fig. 4.

Regpresentative two consecutive (24 h apart) transverse MIP ultrasound images of a human
colon cancer xenograft in a mouse with (a, b) and in another mouse without (d, €) anti-
vascular therapy using a vascular disruptive agent. Note substantial decrease in measured
MIP percent contrast area in treated xenograft and no significant change of MIP percent
contrast area in non-treated xenograft. Ex vivo microvessel density analysis confirmed
decreased angiogenesis in treated (c) xenograft and no significant change in non-treated
xenograft (f). Yellow scalein cand f = 100 um. (Color figure online)
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