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Development of a Robotic Shear Wave
Elastography System for Noninvasive
Staging of Liver Disease in Murine

Models

Tomasz J. Czernuszewicz ,b2 Adam M. Aji,1 Christopher J. Moore,’ Stephanie A. Montgomery,3 Brian Velasco,” Gabriela Torres,”
Keerthi S. Anand,? Kennita A. Johnson,? Allison M. Deal,* Dzenan Zuki¢,” Matthew McCormick,” Bernd Schnabl,®’
Caterina M. Gallippi,” Paul A. Dayton,” and Ryan C. Gessner

Shear wave elastography (SWE) is an ultrasound-based stiffness quantification technology that is used for noninvasive
liver fibrosis assessment. However, despite widescale clinical adoption, SWE is largely unused by preclinical research-
ers and drug developers for studies of liver disease progression in small animal models due to significant experimental,
technical, and reproducibility challenges. Therefore, the aim of this work was to develop a tool designed specifically
for assessing liver stiffness and echogenicity in small animals to better enable longitudinal preclinical studies. A high-
frequency linear array transducer (12-24 MHz) was integrated into a robotic small animal ultrasound system (Vega;
SonoVol, Inc., Durham, NC) to perform liver stiffness and echogenicity measurements in three dimensions. The in-
strument was validated with tissue-mimicking phantoms and a mouse model of nonalcoholic steatohepatitis. Female
C57BL/6] mice (n = 40) were placed on choline-deficient, L-amino acid-defined, high-fat diet and imaged longitu-
dinally for 15 weeks. A subset was sacrificed after each imaging timepoint (n = 5) for histological validation, and
analyses of receiver operating characteristic (ROC) curves were performed. Results demonstrated that robotic meas-
urements of echogenicity and stiffness were most strongly correlated with macrovesicular steatosis (R? = 0.891) and
fibrosis (R? = 0.839), respectively. For diagnostic classification of fibrosis (Ishak score), areas under ROC (AUROC:)
curves were 0.969 for >Ishakl, 0.984 for >Ishak2, 0.980 for >Ishak3, and 0.969 for >=Ishak4. For classification of mac-
rovesicular steatosis (S-score), AUROCs were 1.00 for =S2 and 0.997 for =S3. Average scanning and analysis time was
<5 minutes/liver. Conclusion: Robotic SWE in small animals is feasible and sensitive to small changes in liver disease
state, facilitating in vivo staging of rodent liver disease with minimal sonographic expertise. (Hepatology Communications

2022;6:1827-1839).

Itrasound-based shear wave elastography stiffness of biological tissue, such as liver, in vivo.V In
(SWE) is a revolutionary imaging technique ~SWE, a high-intensity ultrasonic pulse is used to gen-
that noninvasively measures the mechanical erate transverse mechanical waves in the tissue (i.e.,

Abbreviations: 2D, two dimensional; 3D, three dimensional; AUROCG, area under receiver operating characteristicc CDAHFD, choline-deficient,
L-amino acid-defined, high—fat diet; GSM, grayscale median; HGE, hematoxylin and eosin; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; RE radiofrequency; ROC, receiver operating characteristic; SWE, shear wave elastography; SWS, shear wave speed; YM,

Young’s modulus.
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shear waves), whose speed is directly proportional to
the underlying tissue stiffness.? Over the past decade,
clinical research has demonstrated that SWE and
other ultrasound readouts (such as echogenicity, back-
scatter coefficient, and/or attenuation) are safe and
effective at diagnosing a multitude of liver pathologies
in humans, including steatosis,(3) ﬁbrosis/cirrhosis,(4)
and cancer,(s) and have greatly reduced the reliance on
invasive biopsy.®) While the integration of SWE, and
corollary technologies such as transient elastography,
in clinical practice has progressed at a robust pace,
there has been a notable lack of adoption of these
technologies in preclinical research, despite a growing
list of publications demonstrating the feasibility of the
approach in rodent models (mice”™ and rats1°2%)
and relevancy of these models to human liver stiff-
ness measurements.?? Basic science laboratories still
mostly rely on histology to assess hepatic injury and
response to therapy,(zs_zg) which hampers longitudi-
nal studies because it requires subject endpoints, thus
increasing the individuals enrolled and costs.

Several challenges present themselves when con-
sidering “reverse translation” of SWE technology from
humans to small animals. First, in small animals, higher
ultrasonic frequencies (15 MHz or greater) are nec-
essary to achieve adequate resolution to visualize the
liver, and generating SWE pulses at these frequencies
becomes nontrivial due to transducer heating challenges
and bandwidth requirements. As a point of comparison,
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human livers, which are hundreds of times larger than
rodent livers, are typically scanned with ultrasonic fre-
quencies of 2-3 MHZz to achieve appropriate penetration
depths. Second, SWE measurements can be susceptible
to variations in the environment and operator skill (e.g.,
errors arising from precompression of the tissue, incor-
rect or inconsistent transducer placement, and breath-
ing artifacts) that can bias measurements and introduce
@) Precompression, in particular, is difficult to
control in small animals due to the very short distance
of organs from the skin surface and small size of organs.
Finally, typical SWE configurations are limited to small
two-dimensional (2D) areas of the liver and can be
susceptible to sampling error. Even expert radiogra-
phers can display substantial data variance when scan-
ning small animals by hand without extensive training
and standard operating procedures.’” Therefore, the
optimal SWE instrument for small-animal research
should include automated (i.e., hands-free), noncon-
tact (i.e., without operator precompression), and three-
dimensional (3D) whole-organ sampling to ensure the
highest degree of reproducibility and accuracy.

The purpose of this work is to address these lim-
itations and increase the accessibility of SWE to
the liver-disease research community by developing
a robotically controlled SWE imaging platform for
small animals. In this system, the ultrasound scanning
direction is inverted, and hands-free SWE is achieved
with rodents in the prone position using a robotically
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actuated high frequency transducer. Validation is per-
tormed with studies in tissue-mimicking phantoms, as
well as iz vivo in a diet-induced nonalcoholic steato-
hepatitis (NASH) mouse model scanned longitudi-
nally with histological endpoints.

Materials and Methods
IMAGING SYSTEM DESIGN

The imaging system used was a Vega robotic ultra-
sound imager (SonoVol).®” Multiple track location
SWE was implemented on a broadband linear array
(12-24 MHz) mounted in the translation carriage that
allowed wide-range lateral and elevation travel (15.25
x 15.25 c¢m). The translation carriage and transduc-
ers were submersed in a proprietary dielectric cool-
ant, which served both as a heat sink and conduit for
sound propagation into the animal’s abdomen. The
animal was separated from the fluid chamber through
an acoustically transmissive membrane (Fig. 1A). Two
stepper motors controlling a pulley system were con-
nected to high-resolution encoders to allow for precise
positioning information to be collected simultaneously
with ultrasound data. Robotic movement of the trans-
ducers and 3D B-mode data capture were coordinated
with SonoEQ v1.5.2 (SonoVol), which is built on top
of 3D Slicer.®*? The data-acquisition workflow pro-
ceeded as follows: (1) Capture a wide-field B-mode
“scout scan”; (2) reconstruct a 3D volume; (3) visualize
the liver; and (4) place fiducial markers in 3D space
that indicate the position of the desired SWE capture.
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After placing multiple fiducials, the software would
then jog the linear array to the appropriate position
in space, allowing the user to collect SWE data at the
desired locations (Fig. 1B,C). SWE data capture was
then initiated through a separate custom graphical
user interface written in MATLAB (The MathWorks,
Natick, MA) to activate SWE pulse sequences on the
Vega imager and render SWE images to the screen.

SWE excitation and tracking pulses were centered
at 12 and 17 MHz, respectively, with 4-times paral-
lel receive beamforming, 70V transmit voltage, and
3-kHz multiplexed pulse repetition frequency. Raw
beamformed 16-bit radiofrequency (RF) lines sampled
at 60 MHz were saved to disk for off-line shear wave
speed (SWS) estimation. RE data were processed in
MATLAB to calculate SWS using several previously
published techniques, including normalized cross-
correlation-based motion tracking,(33) time-to-peak
linear least squares group SWS estimation,(34) and
reflected-wave filtering.*> Finally, SWS was converted
to Young’s modulus (YM) following standard equa-
tions®* and rendered as a 2D colored overlay on the
B-mode image. In addition, grayscale median (GSM)
values were computed from the first RF line in the SWE
ensembles to evaluate spatially matched liver echoge-
nicity. GSM processing included envelope detection of
RF lines (absolute value of Hilbert transform) followed
by a square-root operation for compression.

PHANTOM EXPERIMENTS

Measurements of YM using the system were

first validated in tissue-mimicking phantoms
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FIG.1. Illustrations of data acquisition system and SWE protocol. (A) Experimental setup depicting anesthetized rodent in prone position
on acoustically transparent membrane with robotic ultrasound transducer imaging from below. (B) SWE/GSM measurements are made at
any number of targeted sample regions to measure liver fibrosis and steatosis. (C) B-mode images (coronal and axial) reconstructed from
3D volumetric data are shown depicting the liver with manually placed SWE positions. Extent of SWE range-gate is indicated with a

dashed yellow outline.
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by comparing against a third-party commercial
SWE-enabled ultrasound system, the Vantage 256
(Verasonics, Inc., Redmond, WA). Two experiments
were conducted: one in commercially available tissue-
mimicking phantoms (Model 039; CIRS, Norfolk,
VA) and the other in custom fabricated gelatin
phantoms. The commercial phantom set included
four phantoms with nominal YM stiffnesses of 1.9
kPa, 7.8 kPa, 18.1 kPa, and 38.1 kPa, as reported by
the manufacturer. Custom gelatin phantoms (n = 10)
were fabricated following well-established recipes(36)
to span a YM range of 1 to 12 kPa and congealed
in 50-mL syringes to better simulate the cylindrical
geometry of a mouse abdomen as compared with a
large geometry of the commercially available phan-
toms. After removal from the syringe body, measure-
ments were captured from 10 unique locations per
phantom, and the median YM value was computed
using custom processing code mentioned previously.
Subsequently, SWE measurements with the Vantage
system were made in a similar spatial location with
an L7-4 linear array (Philips ATL, Bothell, WA)
using plane-wave imaging, and processed using open-
source SWE code developed by the Radiological
Society of North America’s Quantitative Imaging

Biomarker Alliance.®”
ANIMAL EXPERIMENTS
All  animal studies were approved by the

Institutional Animal Care and Use Committee
(IACUC) at the University of North Carolina at
Chapel Hill and followed the National Institutes of
Health guidelines for animal care. A total of 40 wild-
type mice (11-week-old, C57BL/6] females) were
purchased from the Jackson Laboratory (Bar Harbor,
ME) and were allowed a 2-week acclimation period
before the start of any imaging or experimental diet
initialization. For the duration of the study, mice were
maintained on a 12-hour light/dark schedule with ad
libitum access to food and water.

Experimental Diet

After the 2-week acclimation period, and ini-
tial control imaging timepoint, mice were switched
from standard chow to a choline-deficient, L.-amino
acid-defined, high-fat diet (CDAHFD) to induce
NASH.®® The CDAHFD consisted of pellets
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formulated for 60 kcal% fat, 0.1% methionine by
weight, and no added choline (A06071302; Research
Diets, New Brunswick, NJ). Food pellets were placed
in a Petri dish on the cage floor, as opposed to the
standard top-loaded food hopper, to prevent pel-
let crumbling and waste. All animals were fed the
same CDAHFD formulation, with all animals serv-
ing as their own controls, as they were switched to

CDAHFD at the same time.

Imaging Timepoints

Mice were imaged at baseline (week 0) before start-
ing the experimental diet, and then seven times more
after the start of diet (week 1,2, 3, 6,9, 12, and 15)
for a total of eight imaging timepoints. Imaging was
performed by anesthetizing the mice with vaporized
isoflurane (3% induction, 1.5% maintenance for dura-
tion of imaging), shaving and depilating the abdomen,
and orienting in the prone position on the acoustic
membrane of the imaging device with a thin layer of
water for coupling (Fig. 1A). Water was used instead
of ultrasound gel due to improved air bubble clear-
ance and ease of cleanup. Mouse body temperature
was maintained by an overhead heat lamp. Between
6-8 2D SWE captures were acquired per liver at var-
ious positions in the left and right lateral lobes below
the xiphoid cartilage with five repeated acquisitions
at each location for averaging (for a total of 30-40
SWE images per liver). After each imaging timepoint,
one cage of animals (i.e., n = 5 mice) was sacrificed
for histological validation of noninvasive ultrasound
measures.

HISTOLOGICAL ASSESSMENT

Following necropsy (performed within 6 hours of
each imaging session), sections of liver lobes were
submersion fixed in 10% neutral buffered formalin
at room temperature for 48 hours. Fixed tissues were
processed, paraffin embedded, sectioned at 5-pm
thickness, and stained with hematoxylin and eosin
(H&E) and picrosirius red. Pathology slides were
digitized (ScanScope XT; Aperio, Sausalito, CA) at
20x magnification and scored by a board-certified
veterinary pathologist blinded to the SWE results
on semi-quantitative scales for fibrosis, steatosis
(both microvesicular and macrovesicular), hyper-
trophy, and lobular inflammation (see Table 1 for
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TABLE 1. PATHOLOGY GRADING CRITERIA
Fibrosis Stage F Score Inflammation L Score
No fibrosis 0 <05 0
Early fibrous expansion emanating from some portal areas + short 1 05-10 1
fibrous septa; increased short, disorganized fibrous septa along
some sinusoids
Fibrous expansion emanating from most portal areas; network of 2 1.0-20 2
loose fibrous septae coalescing along numerous sinusoids
Fibrous expansion of portal areas with occasional early portal-portal 3 >2.0 3
bridging, which often coalesces with sinusoidal fibrous network
(most prominent in liver lobule zone [)
Fibrous expansion of portal areas with common portal-portal bridg- 4 Steatosis (micro/macro) Hypertrophy S score
ing and some portal-central vein bridging, which coalesces with
sinusoidal fibrosis most prominent in liver lobule zones | and I
More prominent bridging, occasional nodule formation (incomplete 5 <6% 0
cirrhosis)
Cirrhosis with marked bridging and nodules 6 5%-33% (periportal) 1
34%-66% (periportal) 2
>66% (periportal) 3
>66% (diffuse) 4

pathology scoring rubric). Fibrosis scoring was based
on an adapted Ishak scheme,®” whereas steatosis
and inflammation was based on the rodent NAFLD
scheme.®? Steatosis (S) score was based on percent
of image area made up of fat vesicles, not the per-
cent of cells that have fat vesicles. Additionally, a
zonation criterion was added to the steatosis score
system (i.e., periportal vs. diffuse),*” which added
a further classification category referred to as “S4”
in this manuscript. For inflammation score, foci of
inflaimmation were calculated from an average of
four 100x fields (where foci contained at least five
inflammatory cells).

STATISTICAL METHODS

All statistical analyses were carried out with
MATLAB 2017a.

expressed as mean + SD or median values with inter-

Continuous variables were
quartile range. Linear regression and Bland-Altman
analysis were used to examine associations between
variables, including computations of Pearson correla-
tion (r) and coefficient of determination (R?). Pairwise
Mann-Whitney U tests were used to compare con-
tinuous variables. Empirical receiver operating char-
acteristic (ROC) curves and area under the ROC
(AUROC:S) curves were used to evaluate the ability of
GSM and YM to stage disease pathologies based on

histological scores. The optimal operating point values

were selected as the point of the ROC curve closest
to (0,1). The level of significance was set at P < 0.05
for all tests.

Results
PHANTOM VALIDATION

A total of 14 phantoms were imaged to validate the
robotic SWE measurements spanning a YM range
of 0.50-38.1 kPa (SWS: 0.41-3.56 m/s). Excellent
agreement was observed between the robotic and con-
ventional measurements of median YM (R? = 0.998).
Bland-Altman analysis demonstrated no statistically
significant bias (-0.14 kPa; P = 0.33), low coefficient
of variation of 5.7%, and limits of agreement of 1.0
kPa. Phantom validation results are summarized in

Supporting Fig. S1.

LONGITUDINAL IN 7VIVO IMAGING

Mice on CDAHFD were successfully imaged lon-
gitudinally on the robotic system for 15 weeks with
both 3D B-mode and SWE modes to track changes
in liver echogenicity (i.e., brightness) and stiff-
ness, respectively, arising from the experimental diet.
Representative images and histology are shown in
Figs. 2 and 3, respectively. In general, mice tolerated
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FIG. 2. Representative ultrasound images from a single mouse at three timepoints (0, 3, and 15 weeks) on CDAHFD. The echogenicity,
stiffness, and size of the liver all increase with time on diet. Scale bar indicates 1 cm.

the imaging well with no noticeable adverse side
effects. The average time mice were on the imaging
system under anesthesia was 3.5 minutes. During the
study, one mouse had to be euthanized unexpectedly
on recommendation of the veterinarian due to deteri-
orating health after 7 weeks on diet. This mouse was
excluded from histological correlation and ROC anal-
yses because the time of necropsy was not matched
with an imaging timepoint.
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of ultrasound

The progression

imaging—derived metrics, including liver stiffness and

longitudinal

liver echogenicity, is shown in Fig. 4. Statistically sig-
nificant changes in liver echogenicity were observed
as early as week 1 (1.4-fold higher than baseline) and
continued to rise sharply during the first 6 weeks on
diet (2.5-fold higher than baseline). After 6 weeks,
echogenicity reached a maximum and plateaued for
the remainder of the time course. Liver stiffness, on
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FIG. 3. Representative histological images with disease severity category indicated above the columns. Steatosis and inflammation were
evaluated using H&E staining (A), while fibrosis was evaluated using picrosirius red staining (B). For each stain, both a widefield (top) and
magnified (bottom) view are presented with scale bars of 1 mm and 200 pm, respectively. Note that an additional steatosis category, “S4,”
was added to the traditional rodent NALFD system to represent >66% diffuse steatosis. Macrovesicular steatosis rapidly reached S4 by
3-6 weeks after start of diet, while fibrosis onset was a slower progression, requiring 12-15 weeks to reach Ishak 4. The different temporal
dynamics for these disease progressions can be observed in the longitudinal data presented in Fig. 5.

the other hand, exhibited a more gradual and steadier
rise through the course of the study. At baseline, liver
stiffness was measured to be 5.5 + 0.75 kPa for the
n = 40 mouse cohort. After 1 week on diet, liver stiff-
ness increased slightly to 6.6 = 1.1 kPa, representing
a 1.2-fold increase. However, by 6, 12, and 15 weeks,
the liver stiffness had increased to 10.2 = 1.5 kPa,
15.3 + 1.9 kPa, and 19.1 + 1.6 kPa, representing 1.9,
2.8, and 3.4-fold increases, respectively.

CORRELATION OF NONINVASIVE
ULTRASOUND IMAGING WITH
HISTOLOGY

At each time point, one cage of mice (n = 5) was
sacrificed for histology. Histology demonstrated that
as early as 1 week on CDAHFD, mice exhibited
abnormal steatosis (both microvesicular and mac-
rovesicular phenotypes S1-S2) and the beginning
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FIG. 4. Longitudinal progression of noninvasive imaging parameters (mean + SD). (A) Echogenicity over time measured by GSM. (B)
Liver stiffness over time measured by SWE. Note that the full sample size is included at each timepoint, and sample size decreased over
time by 5 mice due to sacrifice for histology (e.g., n = 40 mice at week 0, n = 35 mice at week 1, etc.).

of lobular inflammation (L1), indicating borderline
NASH. By 3 weeks, periportal macrovesicular ste-
atosis was dominant (S3), while inflaimmation was
midrange (L2), indicating definite NASH; and by 6
weeks, maximum diffuse macrovesicular steatosis and
inflammation scores (S4/L3) were recorded in nearly
all sampled mice. Fibrosis, on the other hand, pro-
gressed more slowly and with a relatively linear trend.
By 2-3 weeks, fibrosis had reached Ishak 1; by 6
weeks, it reached Ishak 2; by 9 weeks, it reached Ishak
3; and by 12-15 weeks, it reached Ishak 4. No mice in
the cohort reached Ishak levels 5 or 6, which corre-
spond to “incomplete” or “definite” cirrhosis. Of note,
the pathologist indicated that hypertrophy of cells was
not a prominent feature in this model, nor was it a
strong differentiator across the time course. Histologic
results for macrosteatosis, inflammation, and fibrosis
are shown in Fig. 5, whereas results for microsteatosis
and hypertrophy are shown in Supporting Fig. S2.
Correlation analysis comparing in vivo ultrasound
imaging and histology pairs revealed the stron-
gest associations were between stiffness/fibrosis, and
echogenicity/macrosteatosis, with R* values of 0.839
and 0.891, respectively (Fig. 6). Pairwise Mann-
Whitney U tests revealed that all grades of steato-
sis (S0-S4) and nearly all grades of fibrosis (Ishak
0-4) were statistically significantly different than
all others (Fig. 6). Associations were also observed
between all other imaging/histology pairs to lesser
degrees (in descending order): echogenicity/inflam-

mation, R? = 0.755; echogenicity/fibrosis, R? = 0.623;
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stiffness/inflammation, R? = 0.542; and stiffness/ste-
atosis, R? = 0.482 (Table 2). Raw histologic scores are
provided in Supporting Table S3.

SENSITIVITY ANALYSES

Sensitivity analysis was conducted on the imag-
ing/histology pairs with the highest correlation,
namely, stiffness/fibrosis and echogenicity/macroste-
atosis. The AUROC:s for classification of Ishak > 1,
Ishak > 2, Ishak > 3, and Ishak > 4 fibrosis using liver
stiffness measurements were 0.969, 0.984, 0.980, and
0.969, respectively (Fig. 7, top row). The AUROC:s
for prediction of 252, >S3, and >S54 steatosis using
liver echogenicity measurements were 1.00, 0.997,
and 0.976, respectively (Fig. 7, bottom row). Note
that only one animal was indicated with a steatosis
score of “17; therefore the “>51” category was omit-
ted from the analysis. The optimal cutoff values, as
well as measurements of sensitivity and specificity,
are shown in Fig. 7. More ROC analysis parameters
(e.g., positive predictive value, negative predictive

value) are provided in Supporting Tables S1 and S2.

Discussion

In this study, a hands-free ultrasound instrument
for measuring liver stiffness and echogenicity in
mouse models of liver disease was built and vali-
dated. Imaging metrics were observed to correlate
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FIG. 5. Longitudinal histologic grading (mean + SD). (A) Macrovesicular steatosis score over time measured from H&E histological
stains. (B) Fibrosis score (Ishak) over time measured from picrosirius red histological stains. (C) Lobular inflammation score over time
measured from H&E histological stains. Each timepoint includes n = 5 mice. For fibrosis plot in (B), all five mice at each timepoint

received the same score; therefore no error bars are plotted.

with numerous histologic parameters of NASH
including steatosis, inflammation, and fibrosis. The
highest histologic correlates for stiffness and echoge-
nicity were fibrosis and macrosteatosis, respectively,
with imaging metrics closely tracking the temporal
dynamics of the histological scores. Liver stiffness
measurements, additionally, were in good agreement
with other SWE studies in CDAHFD rodents®>
as well as human SWE imaging in patients with
NASH.® Importantly, these noninvasive measure-
ments could be taken in a highly repeatable and sim-
ple manner, eliminating many of the user-dependent
challenges faced by traditional handheld ultrasound
scanning (e.g., consistent beam placement, precom-
pression of tissue biasing stiffness). Furthermore,
because this robotic system uses acoustic radiation
force to generate shear waves, an invasive actuator
need not be inserted into the liver, as is necessary for

murine magnetic resonance elastography (MRE),*?

making it a fully noninvasive method with extremely
low risk of instrument-induced animal loss.
Although these results are highly encouraging, it
should be noted that liver echogenicity and stiffness
are not direct measurements of steatosis and fibrosis.
Echogenicity, for example, can be increased by cirrho-
sis and is not strictly reflective of steatosis.*®) Likewise,
liver stiffness can be increased independently under
various nonfibrotic conditions including inflammation
(edematous tissue reaction and cell infiltrate), obstruc-
tive cholestasis, deposition of amyloid, and blood
pressure fluctuations (portal, venous, arterial).(44) In
contrast, liver stiffness can be decreased by steatosis in
the absence of concomitant inflammation.*¥ In our
study, we did not observe any softening during estab-
lishment of steatosis, even in very early timepoints
that preceded the onset of histologically identified
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FIG. 6. Selected comparison between noninvasive imaging and histology pairs with highest respective correlation. (A) Liver stiffness
versus Ishak fibrosis score. (B) Liver echogenicity versus macrovesicular steatosis score. For clarity, P values from pairwise Mann-Whitney
U tests are provided in the tables below (a = 0.05). Note that P values for steatosis grade “1” were not computed, because only one animal
was identified with this score. For full comparison matrix showing correlation plots of all imaging/histology pairs, see Supporting Fig. S2.

TABLE 2. CORRELATION ANALYSIS BETWEEN IMAGING AND HISTOLOGY

Histologic Parameter

Stiffness Echogenicity
Pearson R R? PValue Pearson R R? PValue
Macrosteatosis 0.694 0.482 9.55E-07 0.944 0.891 2.30E-19
Microsteatosis -0.130 0.017 0.430 0.113 0.013 0.494
Hypertrophy 0.431 0.186 6.13E-03 0.728 0.530 1.50E-07
Lobular inflammation 0.736 0.542 9.15E-08 0.869 0.755 7.25E-13
Fibrosis 0.916 0.839 3.06E-16 0.790 0.623 2.31E-09

fibrosis. At the 1-week timepoint, mean stiffness
increased from baseline by 1.1 kPa (5.5 kPa vs. 6.6
kPa; P = 1.7¢-6) and mean echogenicity increased
from baseline by 16.4 au. (45.5 awu. vs. 61.9 a.u.;
P = 2.2¢-20). This suggests that any softening from
lipid sequestration may have been counterbalanced by
stiffening from the aggressive inflammatory processes
in the CDAHFD model.* Furthermore, the coex-
istence of steatosis and inflammation in this model
likely explains the high level of correlation between
echogenicity and inflammation score (R? = 0.76),
which even exceeded that of stiffness (R? = 0.54).
Given these observations, diagnostic cutoff values,
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such as those presented in this manuscript, should
be applied carefully and will likely need to be deter-
mined on a model-specific basis, which mirrors what
has been done in the clinic with etiology-specific and
inflammation-adapted cutoff values.*

Some experimental limitations were noted during
the study and highlight areas for future work. First,
cirrhotic phenotypes (i.e., Ishak 5 and Ishak 6) were
never achieved; therefore, the performance of the
robotic imaging system for these levels of pathology
is unknown. However, given the substantial litera-
ture showing efficacy of SWE for detecting cirrhosis
clinically, we believe the system would be similarly
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FIG.7. ROC curves for SWE (top row) and GSM (bottom row) at different fibrosis and steatosis thresholds, respectively. Note that ROC
analysis for steatosis grade “1” was not computed, because only one animal was identified with this score.

sensitive to these advanced forms of the disease. Second,
only female mice were used due to the lower prevalence
of aggression, in-cage fighting, and injury; therefore,
sex-based differences could not be analyzed. Male mice
can be more susceptible to hepatic fibrosis with cer-
tain diets*” and are slightly larger in size, which may
influence imaging penetration depth, particularly in
obesity models, and will need to be explored in future
studies. Third, the impact of subcapsular depth was not
explored in this study. It is recommended that clinical
SWE measurements in humans be taken below the liver
capsule to avoid reverberation artifact and the stiff sub-
capsular parenchyma, which can bias measurements.)
In this study, all SWE images were taken at a depth
greater than or equal to 4 mm, which was beyond the
subcapsular region and consistent with established pre-
clinical protocols,(24) suggesting bias should have been
mitigated. Fourth, the impact of pressure and pulse was
not evaluated in this study. Arterial, venous, and por-
tal pressures have all been demonstrated as indepen-
dent modulators of liver stiffness,(lz'w and sinusoidal
pressure (which is closely linked to liver stiffness) has
been hypothesized as the primary driving factor behind

fibrosis progression at the cellular level.*® Given this,
we expect that pressure differences could explain some
intra-timepoint variability in liver stiffness measure-
ments; however, the magnitude of these effects will
need to be explored in future studies. Fifth, mice were
not fasted before imaging. In clinical settings, fasting
has been shown to be critical, because postprandial
hyperemia to the abdominal organs can cause transient
increases in liver stiffness." However, feeding behavior
between humans and mice is different (mice are noc-
turnal and feed mostly at night“”), and some anesthet-
ics used in preclinical research for chemical restraint
(namely pentobarbital) have been shown to suppress
hyperemia.(so) Therefore, fasting may not be as impact-
ful during rodent studies, insofar as the animals natu-
rally will not have consumed food immediately before
imaging done during the day, or the effects of abdom-
inal hyperemia will be suppressed by anesthesia. More
studies are needed to evaluate these questions and opti-
mize preclinical experimental protocols further.
Finally, in addition to experimental limitations, sev-
eral instrumental limitations were noted as well. First,
while the robotic SWE scanning was performed in

1837



CZERNUSZEWICZET AL.

3D, the spatial sampling was coarse (~1-mm eleva-
tional step sizes), and the entire extent of the liver was
not comprehensively scanned due to time constraints
imposed by slow RF data transfer rate of the proto-
type system. Spatial heterogeneity was observed in
the SWE estimates, particularly around areas of the
large hepatic vasculature. We expect that scanning the
entire 3D liver volume with SWE will likely improve
the accuracy of the final YM estimate (akin to MRE)
and should be possible with ongoing improvements to
the software architecture (e.g., graphics processing unit
techniques®") that enable real-time SWE framerates.
Second, echogenicity measurements were made with-
out calibration to a reference phantom or normaliza-
tion to another organ (e.g., hepato-renal index). This
approach was successful because no system parameter
was changed throughout the entire study (e.g., gain,
frequency, focal zone); however, in the future, more
robust and quantitative measurements of backscatter
(and/or attenuation) should be explored.(S) Third, no
breath or cardiac gating was used. Breathing has been
shown to significantly corrupt SWE measurements,
and clinical scanning uses breath-holding during
imaging.”) Effects of breathing and heart motion
were mitigated by taking multiple successive SWE
captures in each location (n = 5) and averaging the
data. Physiological gating would slow acquisition time;
however, measurement variance would likely decrease
if used. An alternative approach could be retrospec-
tive physiological gating, which would not slow down
acquisition, but would rely on a method to detect phys-
iological motion within the SWE captures to remove
these corrupted samples before averaging the ensemble
for that liver.
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