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Noninvasive in vivo imaging technologies enable researchers and clinicians to detect the presence of
disease and longitudinally study its progression. By revealing anatomical, functional, or molecular
changes, imaging tools can provide a near real-time assessment of important biological events. At
the preclinical research level, imaging plays an important role by allowing disease mechanisms and
potential therapies to be evaluated noninvasively. Because functional and molecular changes often
precede gross anatomical changes, there has been a significant amount of research exploring the abil-
ity of different imaging modalities to track these aspects of various diseases. Herein, we present a
novel robotic preclinical contrast-enhanced ultrasound system and demonstrate its use in evaluating
tumors in a rodent model. By leveraging recent advances in ultrasound, this system favorably com-
pares with other modalities, as it can perform anatomical, functional, and molecular imaging and
is cost-effective, portable, and high throughput, without using ionizing radiation. Furthermore, this
system circumvents many of the limitations of conventional preclinical ultrasound systems, includ-
ing a limited field-of-view, low throughput, and large user variability. Published by AIP Publishing.
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INTRODUCTION

Preclinical animal models are the gold standard for basic
and applied oncology research, as the complex interaction
of numerous cell types during the onset and progression of
tumor development is challenging to mimic using in vitro
models.!? Just as our ability to generate high-fidelity mouse
models has progressed, so too has the need for better noninva-
sive imaging technologies to enable longitudinal assessment
of disease presence, tissue functional status, and response to
therapy within these models.’ While advances in noninvasive
imaging technologies have improved the quality of science
done in preclinical studies and have the potential to reduce
the number of animals per study, challenges remain within the
preclinical imaging space regarding cost, complexity, sensi-
tivity, and throughput, which limit the widespread use of these
technologies.

There are many ways to noninvasively image an animal
and evaluate the tumor presence and functional status therein.
Modalities such as magnetic resonance imaging (MRI), x-ray
computed tomography (CT), and ultrasound (US) are primarily
anatomical in nature, enabling the visualization of gross tis-
sue structure within the body, such as tumor size. Modalities
such as bioluminescence imaging (BLI), single photon emis-
sion computed tomography (SPECT), and positron emission
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tomography (PET) are primarily functional in nature, enabling
the visualization of physiological events within the body, such
as metabolomic processes.

In oncology, the most commonly used method of track-
ing tumor progression and regression is through measuring
change in tumor volume, typically by utilizing conventional
noninvasive imaging technologies such as MRI, CT, or US.
This method has been codified via the Response Evaluation
Criteria in Solid Tumors (RECIST) and is widely used in both
preclinical research and the clinic.* However, various groups
have demonstrated that RECIST does not always accurately
reflect the effects of therapy> as molecular and functional
changes often precede a change in gross tumor volume.

To address this need, researchers and physicians have
developed numerous molecular imaging technologies, some of
which are already being adopted in the clinic today. Examples
of such technologies include contrast-enhanced MRI, perfu-
sion CT, and PET, and studies have demonstrated that these
methods can predict response to therapy earlier than RECIST
measurements.>'%15 Contrast-enhanced ultrasound (CEUS)
is another technology that has also been explored in this con-
text and has shown success in detecting functional changes in
tumors prior to volume change.'®!” Using US as the underly-
ing imaging modality to perform molecular/functional imag-
ing confers several advantages because US is portable, does not
utilize ionizing radiation, and is more cost-effective compared
with the technologies mentioned above.

To perform CEUS, imaging is done in conjunction with
a microbubble contrast agent (MCA) that enables quantitative

Published by AIP Publishing.


https://doi.org/10.1063/1.5026430
https://doi.org/10.1063/1.5026430
mailto:ryan.gessner@sonovol.com
mailto:ryan.gessner@sonovol.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5026430&domain=pdf&date_stamp=2018-07-13

075107-2 Czernuszewicz et al.

measurements of blood flow, perfusion, and vascularity’®->?
or that can be targeted to the expression of different cell recep-
tors.>>>’ CEUS has been successfully utilized to not only
detect but also predict response and resistance to therapy prior
to tumor volume changes in both animals and humans.?8-38

While the value of preclinical US in cancer research has
been repeatedly demonstrated, US (and, by extension, CEUS)
is not without several limitations. First, it is known to be highly
user-dependent,®” a weakness likely driven by the variability
surrounding the manual positioning of a 2D imaging plane
within a 3D tissue volume. This necessitates highly trained
sonographers with extensive knowledge of the specific equip-
ment to obtain consistent results. Second, US is known to
have a limited field-of-view (FOV). The FOV is typically con-
fined to 2D unless the transducer is mechanically swept across
the tissue, which requires external hardware. 3D acquisitions
are difficult to perform for anything larger than a small sub-
volume since the transducer needs to remain coupled to tissue
and anatomical warping from pressure and coupling gel can
cause misalignments within the 3D reconstructions. Matrix-
array transducers containing multiple rows of elements are able
to capture 3D scans without physically moving the transducer,
but they usually have a small imaging area that is insufficient
to comprehensively capture the rodent’s body, are expensive,
and currently lack the resolution of conventional preclinical
transducers.*

Herein, we present a new instrument that attempts to
address the weaknesses of both preclinical US and some of
the broader challenges facing the preclinical imaging field.
To mitigate the limitations of US, the system is built with a
robotic gantry to control transducer positioning. This not only
enables scans to extend across the animal’s entire body (i.e.,
wide FOV) but also allows multiple mice to be scanned side-
by-side in minutes, dramatically increasing the throughput of
imaging studies. Finally, the system addresses the complexity
of conventional US by using a simple point-and-click camera-
based interface that produces consistent data even with novice
operators.

As will be described in more detail in this manuscript,
this new platform uses high-frequency US for anatomical
imaging of tissue and acoustic angiography for both anatom-
ical and functional CEUS imaging of vasculature. Acoustic
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angiography uses the super-harmonic signal from MCAs to
produce high resolution maps of vasculature with very high
contrast-to-tissue ratios.*'* Acoustic angiography-derived
vessel density measurements have been used in combina-
tion with destruction/reperfusion quantification to demonstrate
the difference in relative blood volume between PECAMI1+
tumors and PECAM 1 - tumors, as well as detect early response
to radiation therapy.***> To validate the system and assess
imaging reproducibility, we conducted a pilot in vivo study
evaluating tumor growth over time in a mouse xenograft
model.

METHODS
Design of the imaging system

The imaging system was designed to allow rodents to be
imaged in 3D without physical contact between the US trans-
ducer and the animal. Conventional preclinical US requires the
transducer to be in contact with the tissue, which may cause
the tissue to deform between frames when the transducer is
swept for acquiring 3D data sets. In the proposed system, the
animal is decoupled from the transducer via an acoustically
transmissive membrane, while the transducer resides in areser-
voir filled with a hydrocarbon fluid under the animal (Fig. 1).
The reservoir allows a transducer to be manipulated beneath
the animal without causing contact-induced deformations in
the reconstructed 3D volume while the fluid maintains acous-
tic coupling. The transducer is positioned within a robotically
actuated carriage driven by a custom motion stage assembly
controlled through serial communication, which enables tomo-
graphic US images to be acquired over a 5.0 X 10.0 cm (lateral
X elevation) FOV or greater.

While the system could be utilized with several different
transducer options, the one used for these studies was a dual-
element wobbler design*® with the inner element centered at
24 MHz (9 mm diameter) and the outer annulus centered at
2 MHz (20 mm outer diameter and 11 mm inner diameter), both
geometrically focused at 19 mm. The inner and outer trans-
ducer elements were fabricated separately out of polyvinyli-
dene fluoride (PVDF) and lead zirconate titanate (PZT),
respectively, and bonded together after a hydrophone align-
ment procedure. In this configuration, both high-frequency
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FIG. 1. Design of the imaging sys-
tem. (a) Cutaway of the full system
showing robotically controlled ultra-
sound acquisition. (b) Zoomed-in view
of the top surface of the imaging sys-
tem with a rodent on the imaging
membrane. Cross-sectional cutaway is
depicted with a dashed white line.
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FIG. 2. Tllustration of the data acquisi-
tion protocol. A transducer is mechan-
ically translated underneath the animal
in the lateral and elevational dimensions

Image sets taken along
Scan Path 1 (left),
and Scan Path 2 (right)

Image sets are
merged to form
3D volume

to build up a 3D volume.

B-mode and dual-frequency acoustic angiography modes
can be performed for co-registered tissue and CEUS imag-
ing, respectively. Acoustic angiography is an approach that
involves transmitting a low frequency to excite a superhar-
monic response in MCAs which is received by the high-
frequency element.*'*> The transducer’s spatial location is
tracked using encoders on the motors, and a camera is fixed
above the animal platform to allow us scan regions of interest
(ROIs) to be defined within the software. The anesthesia nose
cone was positioned at the distal side of the membrane, which
allowed animals to be scanned in either the prone, supine,
or lateral recumbent positions depending on the anatomical
features of interest [Fig. 1(b)].

Wide-field image formation

The lateral extent of a single US frame was 2.1 cm; so
to achieve wider lateral scans than this, the transducer needed
to be translated and the resulting image data stitched together
(Fig. 2). To achieve a 3D reconstruction, the transducer was
also translated in the elevation dimension with scan paths lat-
erally offset by 1.4 cm, which allowed 0.7 cm of overlap (33%
of frame width) between adjacent frames. A whole-abdomen
FOV of a mouse could be scanned with 200 um elevational
spacing in <1 min. Images were reconstructed using a pixel-
based volume reconstruction method written in C++ with
linear interpolation and compounding for overlapped pixels,
with reconstruction time varying depending on the number of

frames in the volume.*® For the previously described two-pass
scan (540 total frames), the volume reconstruction took ~20 s
on a standard personal computer (PC) with Intel Core i7
3.4 GHz central processing unit (CPU).

Camera-guided ultrasound acquisitions

Because the US transducer is below the animal in this
design, its current position relative to the anatomy of interest
of arodent on the imaging membrane is not obvious to the user.
For this reason, a workflow was developed to allow users to
simultaneously visualize both the position of the rodent on the
membrane and the transducer’s current position. In practice,
this allows a user to refer to the camera and define a region
of interest (ROI) around the desired location on the mouse.
In this device, only 2-axis translation was available; so scan
ROI placement was limited to lateral and elevational dimen-
sions. A typical anatomical and microvascular scan workflow
is outlined in Fig. 3.

Contrast agent formulation

The lipid-encapsulated perfluorocarbon MCAs used in
this work were manufactured in-house as previously de-
scribed*” and were similar to commercial lipid-shelled contrast
agents (i.e., DEFINITY®). In brief, the lipids 1,2-distearoyl
-sn-glycero-3-phosphocholine and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-methoxy (polyethylene-glycol)-
2000 (DSPE-PEG2000) in a 9:1 M ratio and a total lipid

FIG. 3. Flow chart describing the
image acquisition protocol. User
places a region of interest (ROI) on a
top-down camera image of the animal.
A 3D, multi-sweep, wide-field scan is
collected and visualized in the coronal
plane (scanning direction shown in
blue). Finally, sub-ROIs are placed to
collect spatially matched, multi-modal
data, including acoustic angiography.

Femoral Arteries
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concentration of 1.0 mg/mL were dissolved in a solution
of phosphate-buffered saline, propylene glycol, and glycerol
(16:3:1). Then, 1.5 mL of the solution was added to a 3-mL
glass vial and the head space was gas-exchanged with Decaflu-
orobutane gas. Microbubbles (1 um mean diameter and a
1 x 10'° #/mL concentration) were produced by using an
agitation technique.

Hydrophone measurements

Acoustic characterization of the dual-frequency trans-
ducer was carried out in a water tank at room temperature
using a capsule hydrophone (HGL-0085, Onda Corp., Sunny-
vale, CA) with frequency range (+3 dB) of 0.25-40 MHz. The
hydrophone was mounted on a computer-controlled XYZ lin-
ear motion stage (Velmex Inc., Bloomfield, NY). Hydrophone
signals were digitized using a 14-bit A/D card with 100 MHz
sampling rate (Gage CSE8327, DynamicSignals LLC, Lock-
port, IL). Beam widths were estimated by fitting a circle to
the —3 dB contour of the lateral/elevation beamplot of each
respective element.

Animal experimental protocol

All animal procedures and protocols described in this
work were approved by the University of North Carolina Insti-
tutional Animal Care and Use Committee (IACUC). Eight
NOD/scid/gamma (NSG) female mice (Mus musculus) were
injected subcutaneously in the flank with 8 x 10° 786-O human
clear-cell renal cell carcinoma (ccRCC) cells. Weekly imag-
ing commenced after tumors reached a caliper-measured size
of 150 mm? and continued until tumors reached a maximum
size of 1 cm?® (~4-5 weeks). An additional six nude athymic
female mice were injected subcutaneously in the flank with
7 x 10° SVR angiosarcoma cells to perform an inter-operator
variability study (described in more detail below).

During each imaging session, the mice were anesthetized
with 1.5% isoflurane and warmed with a heat lamp to main-
tain body temperature. For the administration of MCAs, a
27-gauge indwelling catheter was inserted into the tail vein.
MCAs were continuously infused at a rate of 1.5 x 103
bubbles/min using a computer-controlled syringe pump, con-
sistent with previously published infusion rates in acoustic
angiography studies.**>*} The relatively high infusion rate was
necessary to maintain constant concentration during imag-
ing due to the short half-life of the microbubbles (~3 min in
circulation) and the pressure requirements of acoustic angiog-
raphy that cause the destruction of some bubbles to achieve
superharmonic response.

Imaging proceeded as outlined in the flow chart at the
bottom of Fig. 3. Animals were placed in the prone position

Define 2D ROIls Interpolate

- =
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on the acoustic membrane of the imaging system with a layer
of US gel between their abdomen and the membrane. Using
the scan guidance camera, a “scout scan” ROI was defined
and a 3 x 4 cm (lateral X elevation) data set was captured with
elevational spacing of 200 um. Axial height of the volumetric
data set was fixed at 1.8 cm. This scan served as a reference
for defining a second sub-volume ROI for the follow-up tumor
microvascular scans and to provide an anatomical image for
offline tumor segmentation. The sub-ROI was 2 x 2 cm (lateral
X elevation). Time gain compensation (TGC) for the imaging
system was set to a constant value through depth and kept the
same for each animal.

After the infusion pump was activated, MCAs were given
30 s to pass down the catheter, after which acoustic angiogra-
phy data were acquired. Two types of acoustic angiography
data were acquired within the sub-volume: a blood vessel
morphology (BVM) scan to visualize vascular remodeling
occurring within and surrounding the tumor and a blood
vessel density (BVD) scan to quantify the density of the
tumor’s microvasculature. The BVM scan was performed with
a stepped acquisition (frame spacing: 200 ym), with 10-frame
averaging at each location. The BVD scan was performed with
a continuous sweep acquisition (frame spacing: ~500 um),
scanning the tumor repeatedly for 16 sweeps and allowing
MCAs to perfuse into the tumor for 10 s between each sweep.
The 16 sweeps were then averaged to form one composite
BVD image. It typically took ~10 min to complete all scans
once animals were anesthetized. BVD and BVM images were
rendered in 2D with a C-mode maximum intensity projection
(MIP) or in 3D with scalar and gradient opacity mapping to
optimize contrast at vessel interfaces.

Segmentation and quantification

Tumor ROIs were manually defined using custom-
designed 3D analysis software. Several 2D ROIs were drawn
within the 3D US data, and a contour interpolation algo-
rithm*®4 was used to fill in the intermediate slices (Fig. 4).
The final step was to apply a median filter (kernel size of
1 mm?®) to the 3D ROI to reduce high-frequency ripples
introduced by the interpolation. Segmenting a tumor typi-
cally required 2 min of the user time from start to finish. The
tumor size could then be computed by counting the number
of voxels contained by the ROI and multiplying by the voxel
volume.

Inter-operator and inter-reader reliability assessment

To determine the system’s ability to produce user-
invariant results, both inter-operator reliability and inter-reader

FIG. 4. Tumor segmentation workflow. The user first
manually draws a number of 2D ROIs throughout the
tumor volume. The intermediate slices are then interpo-
lated and a 3D smoothing filter is applied to the resulting
3D ROI to reduce sharp transitions.
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FIG. 5. Acoustic characterization of dual-frequency transducer. (a) Photograph of the transducer. (b) Normalized frequency domain plots depicting bandwidth
of inner and outer elements. (c) Overlapping beam profiles the inner (gray scale image) and the outer (contour plot) elements at the focus (19 mm). Dynamic

range of the inner element beamplot is 9 dB.

reliability were assessed. To determine inter-reader agreement,
all tumor images from the longitudinal study captured by a sin-
gle operator (V.P.) were independently segmented by 3 readers
(R.C.G., J.D.R., and R.M.R.). Likewise, to determine inter-
operator agreement, 3 independent operators (V.P., as well as
J.K. and J.T. in the acknowledgments) acquired volumetric US
images of the same mice (N = 6) on the same day sequentially.
Each animal was fully repositioned by each operator and the
scanning region defined by the operator. These data (N = 18
volumetric acquisitions) were segmented by the same reader
(R.C.G.) to quantify variability in tumor volume resulting from
different operators acquiring the data.

A) Liver

B) Intestines

C) Cecum

D) Tumor

E) Urinary bladder

F) Inguinal lymph
nodes

(G) Hind legs

—~ e~ o~~~ o~

Statistical analysis

Tumor volume measurement agreement (both inter-reader
and inter-operator) was quantified by calculating Krippen-
dorff’s alpha coefficient for ratio data. The 95% confidence
intervals (CI) were estimated by normal bootstrap confidence
intervals®® with 1000 bootstrap replicates using the “irr” and
“boot” packages in Ref. 51. An alpha value of 1.0 represents
perfect agreement. Additionally, Kruskal-Wallis tests were
performed to determine if median tumor volumes were signif-
icantly different between the three readers at each timepoint
to determine if tumor size influenced reader agreement.

Axial

FIG. 6. Example of a wide-field
abdominal scan reconstructed from
3D volumetric data. A subcutaneous
tumor (65 mm?) is located in the flank
of the animal (label D) located just
above the inguinal lymph node. Axial,
coronal, and sagittal slice locations are
indicated with red, green, and yellow
dotted lines. Both the original and the
annotated images are provided.

Coronal

Sagittal
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FIG. 7. Examples of the two contrast-enhanced ultrasound imaging protocols
used in this study, captured on the same tumor and rendered in 3D. (a) Blood
vessel morphology (BVM) scan to visualize vascular remodeling of larger
vessels (> 150 um in diameter). (b) Blood vessel density (BVD) scan showing
vascularity of both large and small (i.e., sub-resolution) microvessels. Yellow
indicates contrast-perfused pixels. Blue indicates manually segmented tumor
boundary.

RESULTS

Acoustic characterization of the dual-element transducer
is presented in Fig. 5, which shows a photograph of the trans-
ducer [Fig. 5(a)], as well as frequency spectra [Fig. 5(b)] and
lateral/elevational beam profiles at the focus [Fig. 5(c)]. The
—3 dB one-way bandwidths for the inner and outer ele-
ments were measured to be 86.9% (14.6-35.5 MHz) and
58% (1.54-2.69 MHz), respectively. The —3 dB one-way lat-
eral/elevational beam widths for the inner and outer elements
were measured to be 144 um and 601 um, respectively.

Figure 6 shows an example of a wide-field abdominal US
image reconstructed from 3D volumetric data captured with
the imaging system. Many anatomical landmarks are clearly
identified, including the liver, small intestines, bladder, and
inguinal lymph nodes. In addition, a subcutaneous tumor in
the flank of the animal is visible and readily segmented from
the 3D data set. In this example, the tumor was measured to
be 65 mm?.

Rev. Sci. Instrum. 89, 075107 (2018)

Figure 7 shows an example of the two CEUS imag-
ing modes enabled by the custom dual-frequency transducer
installed in the imaging system. Images were captured on the
same tumor and are rendered in 3D for visualization (yellow
indicates contrast-perfused regions and blue indicates tumor
border, manually segmented from US volume and rendered
in 3D). Figure 7(a) depicts a BVM scan to visualize the
remodeling of microvessels that are at or above the imag-
ing resolution of the system (i.e., =150 pum in diameter).
Figure 7(b) shows a BVD scan that indicates overall perfu-
sion and microvessel density, including sub-resolution-sized
vessels. As expected, the tumor exhibits both tortuous feeder
vessels and high microvessel density (as indicated by the
significant enhancement on the BVD scan).

Figure 8 shows the images of the progression of a single
animal’s tumor over the course of 5 weeks. BVD and BVM
images are rendered as 2D maximum intensity projections
in the coronal plane. In the BVD images, tumor boundaries
are clearly visualized as it grows in diameter from 5 mm to
10 mm. At day 31 when the tumor is ~1 cm in diameter, an
area of decreased BVD intensity appears at the center of the
tumor, indicating a degradation of vascularity in that loca-
tion and suggesting the development of a necrotic core. In
the BVM images, multiple microvessels are observed exhibit-
ing tortuous morphology associated with angiogenic tumors,
including two vessels that are apparent across multiple time-
points (arrows). Note that the number and degree of dilation of
the vessels appear to increase as the tumor continues to grow
over time.

Finally, Figure 9 illustrates inter-reader and inter-operator
variability. For the inter-reader variability study, tumors were
measured to start at a mean volume of ~200 mm?, which over
the course of 5 weeks grew aggressively to reach a volume
of ~1 cm?®. Qualitatively, readers exhibited good agreement at
each timepoint, measuring nearly the same mean tumor vol-
ume for each week and capturing the growth curve over time.
This observation is reflected quantitatively in Table I, which
shows alpha coefficients of 0.914 (0.824-0.948) and 0.959

FIG. 8. Maximum intensity projections (coronal plane) of contrast-enhanced ultrasound images of a tumor growing over time. Tumor boundaries are clearly
visualized in the blood vessel density (BVD) images (top row) as the highly perfused regions in the center of each frame. Blood vessel morphology (BVM)

images depict tortuous vessels (arrows) that can be followed over time.
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FIG. 9. Inter-reader and inter-operator variability results showing the consistency of imaging with the automated system. (a) Tumor volume versus time measured
by three independent readers (data collected by one operator). (b) Tumor volume versus animal measured by one reader (data collected by three operators).
P-values of the Kruskal-Wallis test for each timepoint is shown above each group when applicable. NS, not significant.

TABLE 1. Inter-operator and inter-reader agreement.

Krippendorff’s

alpha coefficient 95% CI

Same operator/multiple readers 0.914 (0.824-0.948)

Multiple operators/same reader 0.959 (0.911-0.981)

(0.911-0.981) for the multiple reader and multiple operator
cases, respectively. Additionally, at each timepoint, no statis-
tical difference in tumor volumes was measured across the
three readers for each timepoint.

DISCUSSION

There has been much work in recent years to develop tech-
nologies to noninvasively evaluate disease progression using
preclinical imaging systems. US-based technologies specif-
ically have the advantage of being fast and cost-effective;
however, when it comes to reproducibility, FOV, throughput,
and ease-of-use, the current devices have often fallen short.
Here, we present a new preclinical ultrasound system that
addresses these shortcomings and demonstrate a new acquisi-
tion framework that can simply and quickly capture wide-field
scans of rodents, including co-registered 3D anatomical and
functional images.

The advantages of this technology are two-fold: (1) by
automating positioning of the transducer with robotics, the
system ensures the same spatial volume is interrogated regard-
less of the operator and (2) by decoupling the transducer from
the animal, the system can capture multiple 3D interroga-
tions without deforming the tissue and losing co-registration
of the images. This concept of multiple interrogations is sim-
ilar to that of multi-parametric MRI where various pulses
sequences (e.g., T1, T2, DCE) are captured one after the

other across a 3D volume and are inherently co-registered.
In our device, we show the potential for measuring three
parameters across a tumor using three imaging modes: tumor
volume from US, tumor-vessel tortuosity from BVM, and
tumor microvessel density from BVD. The captured volumes
are well registered not only in the same imaging session
(Fig. 7) but also across multiple timepoints spanning weeks
(Fig. 8).

To quantify the degree of agreement between volume
measurements, Krippendorff’s alpha was calculated across
two experiments, one with multiple operators and the other
with multiple readers (Table I). In general, the coefficients
were high, with values of 0.959 and 0.914 for multiple oper-
ators and readers, respectively, suggesting excellent agree-
ment in both cases. As expected, the inter-operator coefficient
was exceptionally high, which supports the hypothesis that
robotically controlled, hands-free US acquisition can result
in extremely consistent data. The inter-reader coefficient was
slightly lower, suggesting that reader image-interpretation
skill has a greater impact on tumor volume measurement
variability than operator skill. It is expected that with addi-
tional reader training and experience, the consistency and
reliability in tumor volume measurements will also increase.
Nonetheless, mean tumor volumes measured for the group over
time were not statistically different (Fig. 9), suggesting that
tumor volume measurements from any of the three readers
would lead to the same conclusions about the tumor growth
rate.

The device that was demonstrated here was limited to
a single fixed-focus transducer installed in a 2-axis transla-
tion carriage. The consequence of this design was that the
axial depth of field and frequency range of the device were
limited. While this design was sufficient to prove feasibil-
ity in subcutaneous tumors, future iterations of the device
could integrate 3-axis motion and annular/linear arrays to
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improve the axial depth of field. Additionally, the number
of transducers in the translation carriage could be expanded
to allow for seamless, ultra-wideband (15-70 MHz) preclin-
ical imaging, without requiring a user to manually switch
transducers.

Some challenges were noted during the study. As with
other US-based technologies, our device required a small
amount of coupling gel on the animal’s torso, which was sus-
ceptible to air bubble and air-interface artifacts. Air bubbles
can be mitigated by utilizing degassed gel, achieved via cen-
trifugation, and applying a new coat of gel each time an animal
is placed on the imaging pad. Air-interface artifacts arise at the
skin/air juncture around the sides of the animals where there
is no gel contact and can obscure the location of the skin sur-
face. While this is not a problem for measurements of any
internal organs, it can impact delineation of the boundaries
of a subcutaneous tumor. In general, we found that adding
a small additional amount of gel can mitigate this problem,
and in the future, this artifact could be removed in software
with novel clutter and reverb rejection algorithms. Another
challenge was the presence of minor discontinuities in the vol-
umetric US image due to animal respiration or cardiac motion.
The artifacts were largely not present in the tumor volumes
captured in this study due to the tumors being located far
from the heart and lungs in the flank and mammary pads;
however, if tumors were closer to the lungs/heart, this arti-
fact may have been more apparent and interfered with tumor
segmentation. In the future, respiration and motion filtering
could be used to remove these artifacts, as well as ECG gating
using standard adhesive murine ECG electrodes and monitor-
ing equipment. Additionally, in this study, we only evaluated
tumor volume as a function of time. Future studies will exam-
ine microvessel density and tortuosity over time, as well as
utilizing the instrument to perform response-to-therapy exper-
iments. Finally, long-term durability studies need to be con-
ducted to determine the lifetime of the device and maintenance
requirements.

CONCLUSION

We have demonstrated a novel preclinical ultrasound
imaging system that can accurately and consistently eval-
uate tumors in rodent models. The system leverages cost-
effective robotics technology, and the new scanning paradigm
allows for easy and reproducible data acquisition to enable
wide-field, 3D, multi-parametric ultrasound imaging. In future
work, we will explore adding additional transducers into
the system to extend its capabilities and enable advanced
diagnostic modes such as ultra-wideband imaging, radiation-
force elastography, targeted molecular imaging, or ther-
apeutic modes such as high-intensity focused ultrasound
(HIFU).
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