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Abstract

Recently, researchers have discovered the direct impact of the tumor mechanical environment on
the growth, drug uptake and prognosis of tumors. While estimating the mechanical parameters
(solid stress, fluid pressure, stiffness) can aid in the treatment planning and monitoring, most of
these parameters cannot be quantified noninvasively. Shear wave elastography (SWE) has shown
promise as a means of noninvasively measuring the stiffness of soft tissue. However, stiffness is
still not a recognized imaging biomarker. While SWE has been shown to be capable of measuring
tumor stiffness in humans, much important research is done in small animal preclinical models,
where tumors are often too small for the resolution of traditional SWE tools. Single-track location
SWE (STL-SWE) has previously been shown to overcome the fundamental resolution limit of
SWE imposed by ultrasound speckle, which may make it suitable for preclinical imaging. Using
STL-SWE, in this work, we demonstrate, for the first time, that the stiffness changes occurring
inside metastatic murine pancreatic tumors can be monitored over long time scales (up to 9
weeks). To prevent the respiration motion from degrading the STL-SWE estimates, we developed
a real-time software-based respiration gating scheme that we implemented on a \erasonics
ultrasound imaging system. By imaging the liver of three healthy mice and performing correlation
analysis, we confirmed that the respiration-gated STL-SWE data was free from motion corruption.
By performing coregistered power-doppler imaging, we found that the local variability in liver
shear wave speed (SWS) measurements increased from 5.4% to 9.9% due to blood flow. We
performed a longitudinal study using a murine model of pancreatic cancer liver metastasis to
assess the temporal changes (over nine weeks) in SWS in two groups: a controlled group receiving
no treatment (n=8), and an experimental group (n=6) treated with Gemcitabine, a chemotherapy
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agent. We independently evaluated tumor burden using bioluminescence imaging (BLI). The
initial and endpoint SWS measurements were statistically different (p<0.05). Additionally, when
the liver SWS exceeded 2.5 + 0.3 and 2.73 = 0.34 m/s in untreated and treated mice, respectively,
the death of the mice was imminent within approximately 10 days. The time taken for the SWS to
exceed the thresholds was 17 days (on average) longer in Gemcitabine treated mice compared to
the untreated ones. The survival statistics corroborated the effectiveness of Gemcitabine.
Spearman correlation analysis revealed a monotonic relationship between SWE measurements
(SWS) and BLI measurements (radiance) for tumors whose radiance exceeded 1 x

107 photons/s/crPl sr. Longitudinal measurements on the liver of four healthy mice revealed a
maximum coefficient of variation of 11.4%. The results of this investigation demonstrate that with
appropriate gating, researchers can use STL-SWE for small animal imaging and perform
longitudinal studies using preclinical cancer models.

Keywords

Shear wave elastography; Preclinical imaging; bioluminescence imaging; liver metastasis;
respiration gating

Introduction

Recent studies have uncovered the direct impact of tumor mechanical properties (solid
stress, interstitial fluid pressure, stiffness) on the growth, malignancy, and drug resistance of
tumors [1], [2], [3], [4], [5]. While they are potential biomarkers for use in treatment
planning, most of these parameters cannot be estimated non-invasively /n-vivo. To date,
stiffness is the only mechanical parameter that may be quantitatively mapped in tumors by
using a technique known as shear wave elastography (SWE). However, establishing stiffness
as a quantitative imaging biomarker is challenging. One key question that needs to be
answered is how stiffness in tumors of different cancers evolve naturally or in response to
different therapies. In order to validate stiffness as a cancer biomarker, extensive
experiments on established preclinical models addressing this questions are required.

Although SWE is currently clinically available, it is challenging to use in pre-clincal small
animal models of cancer. SWE [6], [7], [8] visualizes the shear modulus distribution within
soft tissues by using acoustic radiation force to generate shear waves and ultrasound to track
the propagating waves. Combining the estimated shear wave speed (SWS) with tissue
density provide local measures of shear modulus. Although many clinical ultrasound
systems provide SWE [9], transducers used in preclinical ultrasound imaging systems do not
produce enough acoustic radiation force to generate shear waves. Currently, no
commercially available preclinical system is capable of providing stiffness maps.
Consequently, researchers use commercially available clinical SWE systems to perform /n
vivo animal studies [10], [11], [12], [13]. A major obstacle to using commercial systems to
do preclinical imaging is the limited spatial resolution of the type of SWE they use [14].

Single-track location shear wave elastography (STL-SWE) [15] reduces speckle-bias that
degrades the resolution of conventional SWE estimators. SWS is typically estimated by
comparing the arrival time of shear waves at multiple points. However, differences in
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ultrasound speckle patterns introduce errors when estimating the arrival times [16]. A larger
observation window or spatial averaging can reduce this problem, but these would lower the
resolution of the resulting SWS maps [14]. An alternative is to employ STL-SWE, which
tracks waves with a fixed set of speckles, thus reducing the uncertainty when estimating
shear wave arrival times. Consequently, STL-SWE has the capability to image at higher
resolution [14] which may make it a suitable modality for small animal imaging. However, a
potential challenge of using STL-SWE in small animals is physiological motion. With some
modifications to overcome the challenges of the preclinical imaging environment, STL-SWE
may be able to accurately measure tumor stiffness in both the preclinical and clinical
settings. Therefore, we could potentially use preclinical research to explore the use of
stiffness as a clinical biomarker for precision medicine. Without adapting SWE to the
preclinical environment, it would be expensive and time-consuming to study SWE for tumor
tracking in a clinical environment alone.

In this work, we demonstrate that STL-SWE can be used to monitor changes in the stiffness
of tumors occurring longitudinally (on the timescale of months). We developed a novel real-
time respiration gating sequence to circumvent the physiological motion induced artifacts.
The goal of this paper is two-fold. First, we describe a gating technique that we developed to
adopt STL-SWE as an animal imaging modality. Second, using this technique, we assessed
how shear modulus of murine liver metastasis of pancreatic ductal adenocarcinoma (PDAC)
changes over time naturally and in response to chemotherapy. To our knowledge, this is the
first reported study to show a correlation between stiffness and survival.

[I. Methods

Background

Shear wave elastography (SWE) [8], [6], [7] is typically performed by transmitting long
(approximately 200-600 microsecond) acoustic bursts to generate acoustic radiation force.
The shear waves generated from these “push” pulses are tracked using diagnostic ultrasound
pulses. By analyzing the propagation of these shear waves, a spatial map of shear wave
speed (SWS) is constructed which is directly related to tissue shear modulus (¢ = pc? where

4 is shear modulus, p is density and ¢, is SWS). The local SWS is estimated from the shear
wave arrival time difference between two or multiple spatial locations. However, the speckle
in the ultrasound tracking process causes biased estimates of these arrival time especially
when the distance between observation locations are on the order of ultrasound speckle size
[14], [16]. Although this bias is stationary at a given location, it can be minimized by
averaging SWS values over an region-of-interest (ROI) or by using a larger observation
kernel. However, doing so deteriorates the SWS image resolution. STL-SWE minimizes this
problem by exchanging the push and tracking locations [15]. In this method, multiple push
locations are serially excited and the shear waves from multiple push beams are tracked at a
single location. Use of a fixed set of speckle effectively cancels out the effect of speckle size
and overcomes the speckle-induced variation. Recently we [17] and others [18], [14], [19]
have demonstrated that track beams simultaneously acquired by parallel beamforming can
be used for estimation averaging since they effectively generate multiple synthetic datasets.
Using coherently compounded plane wave imaging (CPW) [20], we recently demonstrated
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that the SWS variance provided by STL-SWEI can be significantly reduced [17]. We called
this technique as plane wave based STL-SWE (pSTL-SWE). Although pSTL-SWE is well-
suited for small animal imaging because it is a speckle-bias free low variance estimator, it is
more susceptible to physiological motion (primarily respiration in the abdomen) due to
longer total acquisition time compared to conventional SWE techniques. In this work, we
developed a software-based automated respiration gating technique and integrated it in the
pSTL-SWE pulse sequence to perform elastography on small animals.

Motion-gated pSTL-SWE

To mitigate motion artifacts when imaging free-breathing anesthetized mice, we
implemented a respiration-gated plane wave single track location SWE (pSTL-SWE) [17] on
a commercially available research ultrasound system (Vantage 256, Verasonics Inc.,
Kirkland, WA, USA). The pSTL-SWEI beam sequence consisted of multiple push beams at
equal lateral intervals each followed by compounded plane wave imaging as illustrated in
Fig. 1a. We acquired each push-detect ensemble of pSTL-SWEI within the quiet zone of a
respiration cycle. We accomplished this by computing the normalized cross-correlation
coefficient (NCC) in real-time from pairs of plane wave sonograms (Fig. 1b). The beginning
of a respiration cycles occurs when the NCC is lower than a pre-defined threshold (T4) and
quiet zone occurs when the NCC exceeds another pre-defined threshold (T5,). We determined
the optimum value of the thresholds (T and T5) by plotting the NCC over 25 seconds (Fig
1c). Tq represented the smallest decrease of NCC due to respiration motion over all observed
cycles and T represented the mean value of NCC within the quiet zones. Detection of a
quiet zone triggered the acquisition of a single push-detect ensemble. The default values for
Tq1and T, were 0.9 and 0.99, respectively. Using these default values, we were able to
trigger the ultrasound system in most cases. However, to enhance the robustness of the
system, we computed the thresholds for each mouse as previously described (see Fig. 1(c)).

Animal study

Liver metastasis model—We purchased six to eight week old female C57BL/6J mice (n
= 22) from Jackson Laboratory and maintained them in a pathogen-free facility under an
animal studies protocol (UCAR-2016-024) approved by the Institutional Animal Care and
Use Committee (IACUC) at University of Rochester Medical Center. We used an established
murine model of PDAC liver metastasis [21], [22]. To create cancer model, we injected
4x10° luciferase expressing murine pancreatic tumor cells (KCKO-luc) in the spleen of each
animal. Briefly, in this model, we injected primary cancer cells into a manually occluded
part of the spleen (hemispleen). After allowing the cells to diffuse in to the liver via hepatic
veins, we surgically removed the occluded part of the spleen. We divided the animals into
two groups comprising 11 animals each: the control group received no treatment; whereas
those in the experimental group received 50mg/kg of Gemcitabine [23], administered by
retro-orbital injection, twice per week for 6 weeks.

SWE imaging protocol—The livers of all 22 mice were imaged twice a week from day
10 post-injection to up to day 55 post-injection. Among these 22 mice, a subgroup of 10

mice (5 from each group) were used to study the survival. In this subgroup, we performed
SWE beyond 55 days up to the demise of the animals. All animals were anesthetized with
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3% isoflurane (Fluriso, VetOne, Boise, ID) and placed on a heated surgical bed before
imaging in supine position (Fig. 2). We removed the abdominal hair of each mouse with
Nair (Church and Dwight Co. Inc., Ewing, NJ) before applying ultrasound coupling gel to
the shaved region. We performed all imaging through an acoustically transparent water-filled
container (9 cm diameter by 3.5 mm height). To identify the anatomical region-of-interest
(ROI), we performed real time compounded plane wave (CPW) imaging [20] (25 angles,
—6° to 6°) integrated within the motion-gated pSTL-SWE sequence. We acquired
elastograms (pSTL-SWE) from three transverse cross-sections within liver. We also acquired
two additional pSTL-SWE data sets from the primary site (spleen and pancreas) of animals
when a palpable tumor was detected in this region. Among the 12 mice that we imaged up to
day 55, only seven (two untreated and five treated) were alive on day 55, and they were
euthanized on day 56.

Bioluminescence imaging (BLI)—To quantify temporal changes in tumor burden in
both groups independent of elastography, we used a commercial system (IVVIS Spectrum,
PerkinElmer Inc., Waltham. MA) to acquire bioluminescence images twice a week for six
weeks. All animals were anesthetized with 3% isoflurane before subcutaneous injections of
75mg/kg D-luciferin. Twelve minutes after the D-Luciferin injection, we performed BLI. We
used the Living Image software (PerkinElmer Inc., Waltham. MA) to measure the average
radiance (in photons/sec/cm?/sr). In all mice, we performed BLI up to 55 days post-
injection.

Data analysis—Among the 22 mice, 15 mice died within the SWE imaging period.
Among these 15 mice, one untreated mouse died after only two timepoint measurements.
We analyzed the temporal change of SWS in liver on the remaining 14 mice (8 treated, 6
treated). For of each of these 14 mice, a SWS threshold (SWSreshorg) Was determined as the
midpoint between the initial (mean of first SWS measurements) and endpoint (mean of last
three SWS measurements) measurements. In order to reduce the temporal variability of
measurements, we applied a three-point running average mean to the temporal SWS
measurements. Then, for each mouse, we determined the earliest timepoint when SWS
exceeds the SWSresnors We also determined the time the animals were alive after the liver
SWS exceeded SWSresholo

We also evaluated the correlation between the BLI and SWE measurements. Three mice
from the treated group produced low radiance (<1x10°photons/s/cm?/sr), indicating
insufficient cell injection and were excluded from all quantitative analysis in this work. For
the remaining 19 mice, SWS and radiance measurements that were taken at similar
timepoints were correlated using a Spearman rank test.

SWE data acquisition and processing

pSTL-SWE imaging—We used a 128 element linear array transducer (L11-5v,
Verasonics, USA) to acquire pSTL-SWE data. The beam sequence (Fig 1a) consisted of 41
laterally spaced (0.3 mm apart) push beams covering a lateral distance of 1.2 cm. To acquire
data from the entire depth of the abdominal cavity, we used the rapid multi-focal zone
approach described in [8]. Specifically, each push consisted of four focal zones [8] located at
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scan depths of 10, 15, 20, and 25 mm. The push pulse duration at each focal zone was 150us
(total push time = 600us). After each push beam (5 MHz), we used compounded plane wave
imaging (10 MHz acquired from transmission angles of —1°, 0°, and 1°) to track the
propagating shear waves [20]. Table S1 (in supplementary section) provides more details of
the imaging parameters used in this study.

SWS reconstruction—\We estimated shear wave motion from each push-detect data using
2D auto-correlation [24] and temporally filtered the wave signals using a second-order
Butterworth band-pass filter (cutoffs between 50 Hz and 1 kHz). Push beams that were 0.9
mm (AP) apart were paired together. We analyzed shear waves from each pair of push beams
at a single tracking location. Cross-correlation between the wave profiles provided an
estimate of arrival time (A7) and consequently, the SWS (AP/AT). The SWS corresponding
to each push pair was also estimated at different tracking locations. Weighted average
(weight factor: square of normalized cross-correlation coefficient of wave pairs) of SWS
estimates from multiple track locations provided the final SWS [17]. We excluded (a) track
lines located outside the abdominal cavity, (b) track lines within 1.5 mm of the push beams,
and (c) track locations whose peak NCC (between wave pairs) was less than 0.7 from the
averaging set.

Assessing the effect of respiration motion on SWE—To evaluate the impact of
respiration rate on elastographic imaging quality, we performed pSTL-SWE on three healthy
mice with isoflurane concentrations of 2%, 3%, and 4%. For each isoflurane concentration,
we acquired pSTL-SWE data with and without respiration gating. In the absence of external
motion, a shear wave tracking frame (in B-mode form) from a given push-detect ensemble is
highly correlated with frames from other push-detect ensembles (Supplementary section I1).
We used this property of shear wave tracking frames to detect the presence of external
motion in acquired pSTL-SWE data. Specifically, we used a three-step procedure. First, we
constructed cine-loops using the first tracking frames (in B-mode form) from each of the
push-detect ensembles. Second, we selected a reference frame (often the first one) from the
cine loop. Third, we computed NCC profiles by cross-correlating the reference frame and
the remaining frames in the cine-loop. The presence of discontinuity in the NCC profile (See
supplementary section Il) indicated the push-detect ensembles corrupted with respiration
motion. This NCC profile is different from the one used in the threshold selection process of
respiration gating (Fig. 1c ) which was computed from shear wave-free B-modes.

Assessing the effect of vascular flow and perfusion on SWE—To evaluate the
effect of vascular motion and perfusion on SWS maps, we assessed the temporal variability
of SWS in regions with discernible vascular flow. We performed three pSTL-SWE
acquisitions from the same liver cross-sections. To visualize the presence and/or absence of
blood flow, we acquired power Doppler (PD) data before each SWE acquisition. We
compute the PD signals from stacks of 200 1Q frames using CPW imaging (7 angles, 12 kHz
PRF and 500 Hz post-compounded frame rate). To distinguish blood from tissue, we applied
the singular value decomposition (SVD) method [25] to the IQ data stack. The spatial
similarity matrix determined the optimum cutoff for truncating the SVD as described in [26].
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For each mouse, we manually identified two regions within the liver for analyzing SWS
variation: one without prominent vascular structures and one containing a strong PD signal.

Assessing the variance in longitudinal measurements using healthy controls
—\We evaluated the variability among longitudinal measurements using four healthy mice.
We imaged the liver of these mice longitudinally at 6 timepoints spanning 22 days. For each
mouse, we computed the mean SWS in the liver and finally, the temporal coefficient of
variation (ratio of standard deviation to mean) of SWS.

[1l. Results

Respiration gating reduces artifacts incurred when performing pSTL-SWE on free-
breathing mice

Figure 3 shows the representative temporal variation of NCC of consecutive B-mode frames
obtained when we anesthetized animals with different amounts of isoflurane. Isoflurane
concentration influenced respiration rate, which in turn governed the duration of the quiet
zone. Figure 4 shows NCC profiles of pSTL-SWE ensembles acquired with and without
respiration gating. Performing pSTL-SWE without gating produced unstable profiles (Fig.
4(a,b,c,g,h,i,m,n,0))—abrupt jumps were visible at distinct push-detect events. Profiles
obtained when performing pSTL-SWE with gating were stable, but the magnitude of the
NCC decreased smoothly with increasing push-detect events (Fig. 4(d,e,f,j.k,I,p,q,r)), owing
only to shear wave motion. Figure 5 shows the corresponding SWS maps obtained with and
without respiration gating. Vertical stripes were discernible in SWS elastograms acquired
without gating (see Fig. 5(a,b,c,g,h,i,m,n,0)), corresponding to push-detect events with
discontinuities in NCC profiles.

Vascular motion increased the measurement variability from 5.38% to 9.93%

Figure 6 shows representative examples of SWS maps (Fig. 6 e-g, I-n, s—u, respectively)
and Power Doppler images (Fig. 6 b—d, i—k, p—r, respectively) obtained from three mice. PD
images revealed vasculature within the liver; however, this had no visual impact on the
spatial variation of SWS. Additionally, we quantified the local difference among temporal
SWS measurements near large vessels where we expected strong cardiac motion, and vessel-
free regions within the liver (Fig. 6 v—x). Specifically, maximum SWS variation among
temporal measurements within vessel-free and vascular-regions was 5.38% and 9.93%,
respectively.

The pSTL-SWE can detect longitudinal changes in SWS of murine metastatic liver

To evaluate the performance of preclinical pSTL-SWE, we used a murine model of
pancreatic cancer liver metastases to assess the temporal changes in SWS and tumor burden
in two groups of mice: untreated and those undergoing chemotherapy. Fig 7 and 8 shows
representative images (sonograms and SWS maps) obtained from the control and the
experimental group, respectively. The stomach is discernible in the sonograms as a
hyperechoic region and in the SWS map as a heterogeneous structure. Reverberation from
the imaging bed and spinal architectures produced noisy SWS estimates in posterior regions
of the liver. In general, SWS estimates were similar for the earlier time-points (days 11-36
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in Fig 7 and 11-49 in Fig 8) then increased rapidly. For some animals, tumors were visible in
the primary site (spleen and pancreas). Figure 9 shows representative images (sonograms
and SWS maps) obtained from an animal with a primary tumor. Figure 10 shows
representative radiance images obtained 11 and 36 days post-injection from both groups of
animals. Figures 11 and 12 show plots of SWS and radiance plotted as functions of time
(days post-injection) for the controlled and experimental groups, respectively. For most
animals in the control group, radiance increased with time, whereas SWS remain relatively
constant for most time-points, then increased rapidly. The experimental group displayed a
similar trend; however, SWS and radiance increased more slowly. SWS measured at the first
and last time-points were significantly different (p<0.05, see Fig. 13a). To quantitatively
evaluate the temporal trend of liver SWS, we estimated a SWS threshold (SWSrespora) for
each mouse as the midpoint between the initial (mean of first three) and endpoint (mean of
last three) SWS measurements. We found that SWSeshogwas 2.5 + 0.3 m/s and 2.73 +
0.34 m/s for control and treated mice, respectively (Fig. 13b). The liver SWS of the mice
exceeded SWSsrashorsin 20.4 £ 11.6 and 37.5 £ 10.5 days for control and treated groups,
respectively (statistically significant difference, p<0.05) (Fig. 13c). After the liver SWS
exceeded SWSrashoia the mice were alive for 10.1 £+ 8 and 10.2 £ 4.4 days in control and
treated groups, respectively (Fig. 13d). The survival curve also confirmed that the treated
mice survived longer than the untreated ones (Fig. 13e). BLI and SWS measurements were
correlated only in mice with high tumor burden (Fig. 14). Quantitatively, Spearman
correlation analysis (Table I) shows revealed a monotonic relationship exist between SWS
and radiance only for tumors whose radiance exceeded 1x107photons/s/cm?/sr). The
variance of longitudinal measurements was evaluated on four healthy mice. The coefficient
of variation ranged from 5.2% to 11.4% (Fig. 15).

V. Discussion

This paper describes a pSTL-SWE system for imaging the mechanical properties of free-
breathing anesthetized rodents /7 vivo. To minimize the impact of respiration motion, we
implemented an automatic respiration-gating sequence on a Verasonics system. To validate
the technique, we performed studies on animals anesthetized with different concentrations of
isoflurane. Using a murine pancreatic cancer metastatic model and the respiration-gated
pSTL-SWE imaging system, we assessed the temporal variation of SWS in two groups of
animals: a controlled untreated group, and a chemotherapy (Gemcitabine) treated group.
Respiration produced vertical stripe artifacts in pSTL-SWE elastograms, which respiration-
gating minimized (Fig. 5). For abdominal imaging (liver or pancreas), cardiac motion
increases variability of SWS measurements from 5.4% to 9.9% (Fig. 6). When SWS
measurements exceeded 2.5 m/s and 2.73 m/s in treated and untreated mice, respectively,
death was imminent within approximately 10 days (Fig. 13). On tumors with high burden,
there was a monotonic relationship between radiance and SWS, as indicated by the
Spearman rank correlation (Table I). Chemotherapy did not cure the animals of liver
metastases, but rather it slowed down the disease progression that, in turn, caused the
animals to live longer (Fig. 13(d)).

Respiration motion is a problem in STL-SWE because it introduces errors in SWS estimates.
High-pass [27] and polynomial filters [28] can remove unwanted motion incurred during /in

IEEE Trans Med Imaging. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmed et al.

Page 9

vivo acoustic radiation force impulse imaging (ARFI) and MTL-SWE. However, filters are
not a viable approach for minimizing motion artifacts incurred during STL-SWE because
STL-SWE requires a priori information of push-location, and tissue motion creates
uncertainty in the estimation of push location. Breath-hold imaging can minimize motion
artifacts in human [29], [30]; however, breath-hold animal imaging requires specialized
equipment [31]. Researchers have developed dedicated systems to reduce respiration motion
[32]. Payen et al. used a similar system to trigger their harmonic motion imaging system
[33]. Figure 5 demonstrates that software gating can reduce motion artifacts incurred when
performing STL-SWE imaging in free-breathing anesthetized animals. Although cardiac
motion can pose a problem, this is not an issue for abdominal imaging (Fig. 6). By using
cross-correlation analysis (Fig. 4), we confirmed that the gated data from pSTL-SWE were
free of respiration motion. To assess how motion impacts the bias and variance of SWS, we
performed phantom studies (see supplementary section). The results of this study revealed
that, for elastically homogeneous materials, motion influenced the bias when estimating
SWS with STL-SWE negligibly, but impacted variance profoundly.

Motion estimation algorithms in ultrasound often rely on the evaluation of NCC as a spatial
map [34]. However, for real-time respiration gating, we are only interested in the detection
of the presence or absence of motion rather than the magnitude and direction of motion.
Consequently, we only evaluated the global NCC of a pair of images at zero-lag. This
resulted in a fast detection of motion which was crucial to real-time implementation.
Bottenus et al. previously demonstrated that the temporal cross-correlation coefficient (in
aperture domain) correlates well with the periodic tissue motion [35]. Additionally, we
detected global tissue motion rather than local motion because respiration motion was
largely global in mice abdomen, likely due to proximity to the lung. However, for organs
where motion is localized, local correlation may be adopted. In a few cases, involuntary and
continuous aperiodic motion of intestines posed a challenge to the respiration gating. This
issue occurred particularly while imaging in the lower abdomen. Such mation caused
reduced and widely variable rest state correlation of images (the 7, threshold) and resulted
in missed triggering for certain respiration beats. We solved this problem by using prolonged
exposure to anesthesia (imaging started after 5-8 minutes of anesthesia) which reversibly
arrested the intestinal motion. Another concern while implementing the triggering was any
potential transient behavior of B-mode correlations. However, we did not observe any
transient drop of correlation below T1 outside the inhalation-exhalation zone, which could
potentially lead to false triggering.

STL-SWE is better suited for small animal imaging than MTL-SWE. Rouze et al.
demonstrated that resolution of shear wave elastograms is highly dependent on the kernel
size used for processing [36]. Speckle bias, determined by speckle size, prevents MTL-SWE
from employing very small kernels [14]. Although high frequency preclinical transducers
have smaller speckle size, they are not designed for radiation force applications. Thus,
researchers have often used separate transducers for generating and tracking shear waves
[37], [38] in rodents. STL-SWE can utilize sub-millimeter kernels with clinically available
transducers [14], which was confirmed in this study.
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Researchers have used elastography to measure stiffness changes in murine cancers models
[39], [40], [10], [13], [41]; however, to our knowledge, this is the first reported study to use
elastography to assess the temporal changes in pancreatic cancer liver metastases [42].
Gemcitabine, FOLFIRINOX (a chemotherapy cocktail consisting of 5-fluorouracil,
irinotecan, leucovorin, and oxaliplatin), and Erlotinib have extended the life expectancy of
metastastic pancreatic cancer patients [43], albeit marginally or with severe side effects. The
pancreatic cancer microenvironment (high stromal density, high total tissue pressure, leaky
vasculature, and elevated levels of hyaluronic acid) inhibits the delivery of chemotherapy
agents [44], [45], [46]. Recently, we demonstrated that the collagen density and hyaluronic
acid affect tissue stiffness [12]. We also demonstrated a direct correlation between tumor
stiffness and drug delivery [5]. In the present work, we demonstrated for the first time using
imaging, that there is a high correlation between low SWS and survival in mice with
pancreatic cancer liver metastasis. Specifically, when liver SWS increased beyond 2.5 + 0.3
m/s and 2.73 £ 0.34 m/s, death of the mice was imminent within 10.1 + 8 and 10.2 + 4.4
days for untreated and Gemcitabine treated mice, respectively. We plan to conduct studies to
further investigate if this is also true for humans.

Bioluminescence imaging is a standard research tool used to assess tumor burden [47]. The
results of this investigation revealed that BLI is more sensitive to changes in the tumor than
SWE-in most cases, radiance increases almost linearly as the tumor progresses which was
not the case for SWS. In tumors with high burden, there was a monotonic relationship
between radiance and SWS as indicated by Spearman rank correlation (Table ). We
anticipated that BLI1 would be more sensitive to changes with tumors than SWE because it is
a molecular imaging technique whereas SWE is not. While the BLI informs about cancer
cell count, the SWE provides structural information about the tumor microenvironment.
Thus, the information provided by SWE is complimentary to BLI and may improve the pre-
clinical assessment of tumor models. Additionally, the insights obtained by SWE can be
directly translated to human imaging, which is not the case for BLI. It is, however, not
known whether the delayed onset of SWS increase corresponds to a delayed mechanical
change in the liver, or is simply due to the limited ability of SWE to detect smaller temporal
changes in SWS. It is possible that the temporal variation in SWS measurements (up to
11.4% coefficient of variation in healthy livers) may obfuscate the smaller or more subtle
changes in SWS. Improvement in pulse-sequencing techniques such as stronger push pulses
may improve the SWS variance [48]. Additionally, refinement of acquisition and data
analysis protocols, such as longitudinally registered local analysis [49], may help improve
the temporal variance in SWS measurements. We plan to conduct a future study to
understand the sources of variance in temporal SWS measurements. Furthermore, we expect
that the use of optical modalities with cellular sensitivity for shear wave tracking [50] may
improve the sensitivity of SWE to changes within tumor. To reduce the temporal variance,
we have applied a three-point mean filter to the longitudinal SWS measurements (Fig. 13(a—
d), while the plots in Fig. 11 and 12 show unfiltered data). However, the filter was not
causal.

The current study has two main limitations. One potential limitation is the mismatch in
spatial registration between different timepoint measurements. Throughout the study, we
attempted to minimize this error by utilizing the real-time B-mode guidance and spatial
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landmarks within the liver. However, there is no guarantee that we imaged exactly the same
cross-sections over multiple timepoints. To further minimize this problem, we plan to use
either a stereotactic rodent holder [51] or a matrix array [52] in future studies. Another
limitation is that we performed no histological analysis, therefore we were unable to assess
how well temporal changes in histological features correlate with temporal changes in SWS.
To address this issues, we are currently conducting an /n7 vivo study to assess how SWS
correlates with histological and immunofluorescence analyses of the tumor
microenvironment. Additionally, a limitation of the animal model used is that it does not
accurately represent the disease process occurring in humans (i.e., the model typically only
produces the secondary tumors (metastatic)). Researchers have tried to develop models that
produce both primary and secondary pancreatic cancer, but the diseases process is
unpredictable in mice. Consequently, in this study we used a simplified and controllable
pancreatic cancer liver metastasis model [22], [21]. Specifically, we injected the primary
pancreatic cancer cells into the spleen which diffuse into the liver via the blood stream and
thus generally do not produce tumors in the pancreas. To overcome this limitation we plan to
perform studies with genetically engineered mice that more closely replicate the molecular
phenotype of human pancreatic cancer.

V. Conclusions

This work demonstrates that with appropriate gating techniques, researchers can use pSTL-
SWE in preclinical imaging. Specifically, we demonstrated that the proposed method
(respiration gated-pSTL-SWE) can assess changes in shear modulus of long time scales
(months). We also demonstrated for the first time using imaging, that there is a high
correlation between low SWS and animal survival for pancreatic liver metastases.
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Fig. 1:

(a;glllustrating a respiration-gated pSTL-SWE sequence. Each push-detect ensemble,
consisting of a push beam followed by a compounded plane wave tracking, is initiated
following the inhalation and exhalation of the animal. From one push-detect to the next, the
push line is laterally translated. (b) Flowchart illustrates the repiration triggering technique
implemented on the Verasonics. (c) Representative repiration profile used to calibrate for the
motion triggerring threshold parameters. The lowest amplitude reduction of NCC (dotted red
line) was used as the threshold for detecting the beginning of a respiration cycle (T;). The
mean NCC during the quiet zones was used as the threshold for detecting quiet zones (T).

IEEE Trans Med Imaging. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ahmed et al.

L11-5v transducer

Water

Ultrasound gel
Saran wrap

Mouse
Supporting block

Heating pad

(b) (©) (d)

IEEE Trans Med Imaging. Author manuscript; available in PMC 2021 July 01.

Page 17

(a) Graphical illustration of the imaging system. (b)-(d) The system with a mouse, without a
mouse, and during imaging, respectively.
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Fig. 3:

Respiration rate analysis on three mice at different anesthetic levels using B-mode cross-
correlation. Motion due to inhalation and exhalation appeared as reductions in temporal
NCC profiles. Increasing the anesthetic level decreased the respiration rate and increased the
duration of quiet zones in respiration cycles. Plots (g)-(i) are reproduced in (j)-(1),
respectively, with a smaller y-axis range to visualize the variation in NCC within the quiet
Zones.
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Fig. 4:

Illustrating the presence of motion in the SWE data from three free-breathing mice. The
NCC profile was computed by performing cross-correlation between the first tracking frame
(in B-mode form) of a motion-free push-detect ensemble (marked with a red circle) and the
first frames of the remaining push-detect ensembles. The gated acquisitions exhibited
smooth decay in the NCC profiles while the gating-free acquisitons exhibited reductions in
temporal NCC. The push-detect ensembles with low NCC were identified (marked with red
arrows) and used to isolate the corresponding motion-corrupted columns in the SWS maps
(in Figure 5).

IEEE Trans Med Imaging. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ahmed et al.

Mouse 2 Mouse 1

Mouse 3

—

No gating With gating No gating With gating No gating

With gating

Page 20

2% isoflurane 3% isoflurane 4% 1soflurane

Fig. 5:

Elgstograms of the livers of three mice obtained using pSTL-SWE without repiration gating
and with respiration gating. Images in (a)-(r) correspond to the SWE acquisitions shown in
Figure 4 (a)-(r), respectively. Images were obtained using 2%, 3%, and 4% isoflurane. For
each mouse, the images were acquired from a fixed cross-section within the liver. The
columns in the elastograms that were reconstructed from the motion-corrupted push-detect
events (from Figure 4) are indicated with red vertical arrows.
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Fig. 6:

Shgows the results of repeated acquisitions from three mice. B-modes, power doppler images
and pSTL-SWE elastograms are shown for three mice in (a)-(u). To evaluate temporal
variability, two ROIs were selected for each mouse: one within a relatively vessel-free region
and one containing strong PD signal. The white arrows indicate the ROIs. The mean SWS
within these ROIs over three acquisitions are shown in (v)-(x) for Mouse 1-3, respectively.
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Fig. 7:

B-gmode and overlaid SWS maps for an untreated mouse at all observed time points up to
demise. The black vertical lines indicate the push beam transmission region that was used to
facilitate the selection of the ROI during the imaging session. The white lines that were
manually traced from the B-mode images indicate the liver region used in the statistical
analysis.
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Fig. 8:

B-gmode and overlaid SWS maps for a mouse treated with Gemcitabine at all observed time
points up to demise. The black vertical lines indicate the push beam transmission region that
was used to facilitate the selection of the ROI during the imaging session. The white lines
that were manually traced from the B-mode images indicate the liver region used in the
statistical analysis.
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Fig. 9:
(a) B-mode and overlaid elastogram of a primary tumor. (b) the correponding B-mode and
elastogram obtained from the liver of the same mouse.
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Radiance maps obtained from BLI overlaid on the photographs of the animals at two time

points. Images were generated the by the Living Image software (ParkinElmer Inc.,

Waltham, MA) used to operate the IVIS Spectrum system. The red circles indicate the ROIs

used to calculate the mean radiance.
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Quantitative longitudinal measurements obtained from the untreated mice using pSTL-
SWEI and BLI. Results show the SWS of the liver, SWS of primary tumors ((a) and (d)

only) and radiance measured in the abdomen. In SWS measurements, the errorbar indicate

the spatial standard deviation of SWS. The dotted vertical arrows indicate the time of death.
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Quantitative longitudinal measurements obtained from the Gemcitabine treated mice using
pSTL-SWEI and BLI. Results show the SWS of the liver, SWS of primary tumors ((c) and
(d) only) and radiance measured in the abdomen. In SWS measurements, the errorbar
indicate the spatial standard deviation of SWS. The dotted vertical arrows indicate the time
of death. Mice corresponding to (i)-(k) were excluded from statistical analysis due to
insufficient cell injection.
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Fig. 13:

(a)gSWS measured at the first timepoint (pre-treatment) and immediately before death for
untreated and Gemcitabine treated mice. (b) shows the SWSesho/s COMputed as the mean
of initial (mean of first three) and endpoint (mean of last three) SWS measurements for
untreated and treated mice. (c) shows the time taken for the SWS measurements to exceed
SWShreshola Values. (d) shows the duration over which the mice from both groups were alive
once the SWS measurements exceeded SWS;xreshola- (€) Survival statistics (n=10) shows
that Gemcitabine prolonged the life of the mice.
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Fig. 14:
Scatterplot showing the paired SWS and radiance measaurements obtained using pSTL-
SWEI and BLI aggregated from all time points in 19 mice.
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Longitudinal SWS measurements in healthy livers of four mice. Coefficient of variation
(COV) of the measurements are indicated in the plot.
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TABLE I:

Spearman correlation coefficient between SWS and radiance. Analysis was performed on (a) paired SWS and
radiance measurements on all time points and (b) only on measurements with high tumor burden (radiance >

1x107photons/s/cm?/sr)

Untreated mice Treated mice

(a) All measurements 0.6141 0.2334
(b) Measurements with high tumor burden 0.8147 0.5413
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