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Abstract
Increased hepatic venous pressure can be observed in patients with advanced liver disease and
congestive heart failure. This elevated portal pressure also leads to variation in acoustic radiation-
force derived shear wave based liver stiffness estimates. These changes in stiffness metrics with
hepatic interstitial pressure may confound stiffness-based predictions of liver fibrosis stage. The
underlying mechanism for this observed stiffening behavior with pressurization is not well
understood, and is not explained with commonly-used linear elastic mechanical models. An
experiment was designed to determine whether the stiffness increase exhibited with hepatic
pressurization results from a strain-dependent hyperelastic behavior. Six excised canine livers
were subjected to variations in interstitial pressure through cannulation of the portal vein and
closure of the hepatic artery and hepatic vein under constrained conditions (in which the liver was
not free to expand) and unconstrained conditions. Radiation force derived shear wave speed
estimates were obtained and correlated with pressure. Estimates of hepatic shear stiffness
increased with changes in interstitial pressure over a physiologically relevant range of pressures
(0–35mmHg) from 1.5 to 3.5 m/s. These increases were observed only under conditions in which
the liver was free to expand while pressurized. This behavior is consistent with hyperelastic
nonlinear material models that could be used in the future to explore methods for estimating
hepatic interstitial pressure noninvasively.
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1. Introduction
Advanced chronic liver disease (cirrhosis) is the twelfth leading cause of death in the United
States with an approximate incidence worldwide of 1 in every 1,000 subjects (Garcia-Tsao
2008). The progression of cirrhosis is marked by two important consequences: liver
dysfunction, and portal hypertension (Garcia-Tsao 2008). Liver dysfunction is often
characterized using a combination of serum testing and liver biopsy, while portal
hypertension is usually measured by hepatic venous pressure gradient (HVPG). Ultrasound
provides an opportunity to evaluate two aspects of clinical hepatic disease that are
traditionally measured invasively: liver fibrosis and HVPG (Feldman et al. 2010). The first,
liver fibrosis, has been extensively studied with relation to comparing biopsy-based fibrosis
stage to quantitative estimates of liver stiffness (Palmeri et al. 2011, Friedrich-Rust et al.
2008, Yoneda et al. 2008, Boursier et al. 2008, Castera 2011, Bavu et al. 2011). Specifically,
Transient Elastography (Sandrin et al. 2003), Magnetic Resonance Elastography (Huwart et
al. 2006), and Acoustic Radiation Force Impulse (ARFI) (Wang et al. 2010, Palmeri et al.
2011, Kim et al. 2010, Rifai et al. 2011, Bavu et al. 2011) based quantitative estimation of
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tissue stiffness have been successful in distinguishing fibrosis stage noninvasively. Recent
studies have suggested that ultrasound-based estimates of liver stiffness also increase with
hepatic venous pressurization (Millonig et al. 2010, Vizzutti et al. 2008, Bureau et al. 2007,
Robic et al. 2011), but the underlying mechanism for this observed stiffening is not
understood.

HVPG measurement in liver disease is important for predicting disease progression, guiding
treatment, and longitudinal monitoring (Garcia-Tsao 2008, Bosch et al. 2008). HVPG has
been shown to be the most robust predictor of disease progression, or decompensation in
patients with cirrhosis (Ripoll et al. 2007). Decompensated cirrhosis is associated with a
30% decrease in 1-year survival for patients with cirrhosis, and is characterized by variceal
bleeding, encephalopathy, and jaundice (D’Amico, Garcia-Pagan & Pagliaro 2006).
Specifically, increased HVPG above 10 mmHg (from 5 mmHg normal) predicts variceal
bleeding, decompensation of cirrhosis, and hepatocellular carcinoma development
(D’Amico, Garcia-Pagan, Luca & Bosch 2006, Bruix et al. 1996, Kim & Kamath 2008,
Levy et al. 2007). In addition to its prognostic value, lowering HVPG pharmacologically in
a cirrhotic patient to below 12 mmHg or 20% decrease from baseline significantly decreases
risk of hemorrhage, ascites, encephalopathy, and death (D’Amico, Garcia-Pagan, Luca &
Bosch 2006, Vorobioff et al. 1996). Finally, prediction of portal pressure can inform
treatment, such as life expectancy prediction for liver transplant guidance (D’Amico,
Garcia-Pagan & Pagliaro 2006) and outcome and safety estimates for antiretroviral therapy
in patients with hepatitis C virus related cirrhosis (Reiberger et al. 2011). HVPG is useful at
all stages of liver disease, for prognostication, longitudinal tracking, or treatment decision-
making purposes (Merkel & Montagnese 2011).

Unfortunately, current methods of HVPG measurement involve portal vein catheterization,
which is highly invasive, expensive, and can lead to complications such as infection (Merkel
& Montagnese 2011, Reynolds et al. 1957). Clearly, a non-invasive metric for HVPG
measurement would be highly beneficial to reduce these risks and improve liver disease
treatment. The greatest current challenge to measuring HVPG noninvasively using elasticity
metrics remains that the stiffening observed with advanced fibrosis cannot currently be
distinguished from that which may be due to elevated HVPG (Robic et al. 2011). This study
is aimed at exploring differences in the underlying tissue behavior for these two stiffening
effects observed in advanced liver disease.

2. Background
Tissue stiffness can be quantified using shear wave imaging methods (Sarvazyan et al. 1998,
Gao et al. 1996, Nightingale et al. 2003, Bercoff et al. 2004, Chen et al. 2004). Acoustic
radiation force-based methods have yielded consistent and informative liver stiffnesses in
clinical subjects with different stages of fibrosis, commonly relying on time-of-flight (TOF)
calculation algorithms to identify the arrival time of the wave at various lateral locations
(Bavu et al. 2011, Palmeri et al. 2011, Wang et al. 2010). Ultrasonically-tracked
displacements through time at each lateral position are used to identify the arrival time for
SWS approximation (Palmeri et al. 2008, Sandrin et al. 2002, McLaughlin & Renzi 2006).
After determination of SWS, the relationship between the shear wave speed and underlying
tissue mechanical properties can be inferred by choosing a specific tissue mechanical model.
Often, material linearity, isotropy, incompressibility, and elasticity are assumed (Palmeri et
al. 2011, Sandrin et al. 2003, Foucher et al. 2006, Muller et al. 2008). Under these
conditions, the shear wave speed (cT) is related to shear modulus(μ) and density (ρ).
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(1)

Shear wave speeds have been observed to increase with increasing pressure in excised
porcine livers (Millonig et al. 2010) and in humans with elevated portal hepatic pressures
(Vizzutti et al. 2008, Bureau et al. 2007, Robic et al. 2011). This result is inconsistent with
the linear elastic assumptions expressed in equation 1. A change in estimates of liver
stiffness with pressure implies a nonlinear relationship between stress and strain of a
particular material (Lai et al. 1999, Ogden 1984). Nonlinear materials which display time-
independent elastic behavior (such as rubbers, foams, and tissues) are classically described
by hyperelastic theories (Bower 2010, Fung 1993, Ogden 1984). Hyperelasticity
encompasses many possible nonlinear mechanical models of solids, all of which are
described by an assumed strain energy function. The strain energy function can be used to
derive strain-dependent stress-strain relationships under different boundary conditions.
These models are relevant to the question of hepatic pressurization because there is evidence
that increased hepatic pressure leads to a change in the underlying strain state of the liver.
Hepatomegaly, an increase in liver size that would imply a change in underlying liver strain
state, has also been reported in patients with increased portal pressure due to right-sided
congestive heart failure (Kumar et al. 2010, Feldman et al. 2010). The question addressed in
this work is whether deformation is necessary to observe increases in measured shear wave
speeds with increased hepatic pressure. If the increase in stiffness metrics are associated
with hepatic deformation, this result would imply that hyperelastic material models are
necessary for describing this behavior.

Extensive theoretical work in nonlinear mechanics has been devoted to analytic predictions
of wave speeds under different boundary conditions and material models for soft solids like
tissue (Boulanger & Hayes 2001, Destrade & Saccomandi 2004, Destrade & Ogden 2010,
Zabolotskaya et al. 2004). Acoustoelastic techniques take advantage of these analytic
predictions by characterizing tissue using measured wave speeds in uniaxially compressed
hyperelastic materials (Shams et al. 2011, Kobayashi & Vanderby 2006, Vanderby &
Kobayashi 2006) and have been previously reported using shear wave speed metrics in
tissue-mimicking materials (Catheline et al. 2003, Gennisson et al. 2007). In acoustoelastic
testing methods, an underlying hyperelastic expression is assumed, and then the mechanical
properties (or parameters of the constitutive model) are determined by measuring wave
speed in a compressed material and fitting the experimental results to the material constants
of the assumed material model (Kobayashi & Vanderby 2006). Hepatic pressurization does
not lend itself to explicit characterization by acoustoelastic techniques because of its
geometric complexity and because the appropriate hyperelastic model has not yet been
determined. In particular, the hepatic pressurization condition does not correspond to that of
uniaxial compression, which is examined using acoustoelastic techniques. The study
presented herein was designed to test the hypothesis that liver material nonlinearity
manifesting as finite strain deformation with hepatic pressurization leads to increased shear
wave speeds.

3. Methods
3.1. Experimental Setup

Experimental Animals—All experiments were performed using freshly harvested canine
livers. The canines were obtained through the Duke University Vivarium, and euthanasia
was achieved through methods approved by the Duke Institutional Animal Care and Use
Committee (IACUC). Three minutes prior to euthanasia, 3 mL of heparin was given to the
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animal to prevent clotting in the liver during the experiment. After euthanasia the canine
liver was removed, with care taken to preserve the inflow and outflow tracts.

Constrained versus Unconstrained Data Acquisition—In order to evaluate the
effect of strain on pressure-related observations of shear wave speed changes, a custom
experimental setup (see figure 1) was constructed to evaluate SWS in the liver under first
constrained and then unconstrained conditions. A variable height watertight cylinder was
designed with a top transducer window, water release valves and side portal vein access
port. The liver was placed within the cylinder, the hepatic artery and vein were closed, and
the portal vein was connected to the exterior through an access port for pressurization and
connection to a digital manometer (SPER Scientific, Ltd., resolution = 0.075 mmHg). The
liver was surrounded with phosphate buffered saline (PBS), with a 4 cm PBS fluid path
between the acoustic window and surface of the liver. Air was removed and all valves were
closed. Datasets were acquired with pressurization with the valves closed (the constrained
condition). Pressure was increased in 5 mmHg steps from 0–45 mmHg by raising the saline
reservoir. Then, the reservoir was lowered to achieve 0 mmHg pressure and the valves were
opened to allow saline to overflow as the liver expanded with pressurization. The
pressurization and data acquisition protocol was repeated in this unconstrained scenario with
the valves open. At each pressurization step, 6 SWS datasets were acquired in the same
location with the speeds averaged together to provide a single SWS estimate for each
pressurization step.

3.2. SWS Estimation Methods
Ultrasonic Parameters—Shear waves were generated with focused acoustic radiation
force in the ex-vivo livers using a Siemens ACUSON™S2000 scanner and a 4C-1
curvilinear array (Siemens Medical Systems, Ultrasound Group, Issaquah, WA, USA)
focused at between 35 mm to 50 mm operating at 2.6 MHz (F/# 3.5). The system has been
modified for user control of acoustic beam sequences and intensities, as well as allowing
access to the radio-frequency in-phase and quadrature (IQ) data. Data acquisition was
performed using a modified version of the Siemens Virtual Touch™tissue quantification
tool, with custom processing as described below. The transmit power was increased from
standard settings in all collected datasets and the corresponding acoustic output is shown in
table 1. For each shear wave dataset, an 8 mm × 5 mm region of interest (ROI) was
interrogated. For each radiation force excitation, or “push,” four parallel lateral positions
were tracked for a duration of 10 msec, with pulse repetition frequency (PRF) varying from
7–10 kHz with deeper focii corresponding to a slower PRF. Twenty-eight lateral positions
spaced 0.17 mm apart were tracked for each push location, requiring 7 pushes. This
sequence was repeated once with a push on the left side of the ROI with tracking to the right
and once with the push on the right side of the ROI with tracking to the left. The SWS
estimates from each push location were then averaged to obtain one SWS estimate. This
protocol was repeated 6 times without moving the ROI and the 6 SWS estimates were
averaged to obtain one SWS estimate per pressurization condition from each of 6 excised
canine livers. Figure 2 shows examples of individual datasets acquired in two different
unconstrained pressurization conditions. Table 1 shows the ultrasound imaging parameters
in detail.

Dataset Processing—Datasets were processed offline using MATLAB (MathWorks™,
Natick, MA). Local displacement estimates were calculated using the Loupas phase-shift
estimator (Loupas et al. 1995, Pinton et al. 2006). Displacements from positions 1.4–8 mm
lateral to the region of excitation were used to generate shear wave speed estimates using a
RANSAC-based time-of-flight algorithm (Wang et al. 2010, Palmeri et al. 2008). The
RANSAC-based SWS estimator uses an iterative removal of outliers method, which was
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exploited to eliminate datasets that had greater than 50% outliers. Then, the shear wave
speed is found from the inverse slope of the time to peak displacement versus lateral
position. Two example datasets are shown in figure 3 after the iterative removal of outliers
procedure. This process was repeated for both the left and right side shear wave excitations
for each of the 6 repeated data acquisitions in a given liver at each pressurization level to
obtain a single SWS estimate. The mean SWS at each pressure for each of 6 canine livers
were compiled and sorted into 11 equally-spaced bins between 2.25 and 45 mmHg to
generate mean and standard deviation of SWS for each pressure bin across all six animals.

3.3. Statistical Analysis
The SWS estimates at increasing pressures were compared between unconstrained and
constrained pressurization cases. An analysis of variance (ANOVA) as implemented in
MATLAB™was performed on the acquired datasets to compare the constrained and
unconstrained datasets at each pressure state (DeGroot & Schervish 2002). In addition, a
linear regression analysis between the average SWS and pressure in all six experimental
animals for the unconstrained and constrained cases was used to identify the dependence of
SWS on pressure for the two experimental conditions.

4. Results
4.1. Constrained and Unconstrained Comparison

A sample set of data collected for the constrained/unconstrained conditions in a single
experimental liver is shown in figure 4.

The compiled mean SWS binned into evenly spaced pressure bins across six experiments
can be seen in figure 5. When the liver is constrained, shear wave speed does not vary with
pressure (figures 4 and 5, red circles). When the liver is unconstrained, the SWS is observed
to increase with pressure (figures 4 and 5, blue squares).

ANOVA were performed between unconstrained and constrained SWS across six animal
experiments at each pressure. Statistically significant (p < 0.01) differences between the two
groups were observed in the pressure bins with mean pressure greater than 20 mmHg. In
order to determine the correlation between pressure and shear wave speed estimates for each
experimental condition, a linear regression analysis was performed on the constrained and
unconstrained datasets as shown in figure 6 and results from the linear fit are shown in table
2.

Ex-vivo livers were also visually observed to expand in the unconstrained case but not in the
constrained case. These qualitative observations are shown in a comparison between
constrained and unconstrained B-mode screenshots at 45 mmHg in figure 7.

5. Discussion
HVPG measurement has an important role in the clinical management of hepatic disease.
Quantitative liver stiffness measurements have been shown to increase with HVPG
(Millonig et al. 2010, Robic et al. 2011, Vizzutti et al. 2008). The value of the increase in
SWS with pressure is comparable to that observed with fibrosis (Wang et al. 2010, Palmeri
et al. 2011, Sandrin et al. 2003, Yoneda et al. 2008, Friedrich-Rust et al. 2008, Schlosser et
al. 2009, Bavu et al. 2011). Thus, with patients suffering from advanced cirrhosis, it would
be difficult to estimate HVPG from SWS estimates alone. The stiffening observed with
advanced stages of fibrosis has been suggested to occur due to increased fibrin and collagen
deposition in the tissue (Kumar et al. 2010, Yoneda et al. 2008, Friedrich-Rust et al. 2008).
The work described herein investigates a different mechanism that may underlie stiffening
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observed with pressurization in order to provide the basis for methods that could be used to
differentiate the two effects.

In the unconstrained livers at pressure = 2 mmHg and constrained livers across all pressures,
the average SWS are 1.4±0.1 m/s and 1.6±0.2 m/s respectively. These were not significantly
different groups (p = 0.63) and are consistent with the 1–1.7 m/s range reported in surveys
of healthy human livers (Cobbold & Taylor-Robinson 2008, Berzuini et al. 2009, Roulot et
al. 2008). The similarity between the canine livers described herein and the normal and
pressurized results reported in the literature suggest that the strain-dependent mechanisms
elucidated can inform clinical applications of elastography-based technologies. At the
highest clinically relevant physiologic pressures of 20–30 mmHg, the SWS estimates have
increased from 1.4 m/s to 3 m/s in the unconstrained case as shown in figure 5. These results
are similar to the ~1.6 m/s at 5 mmHg to ~4 m/s at 30 mmHg reported in patients with
Hepatitis C Virus (HCV)-related chronic liver disease (Vizzutti et al. 2008). These results
are also comparable to the SWS of 2.5–3.5 m/s reported for fibrosis stage 4 using radiation
force-based methods (Wang et al. 2010, Palmeri et al. 2011). Because fibrosis is related to
an underlying change in collagen content of the tissue (Cotran et al. 1999) while
pressurization does not alter fundamental tissue material properties, the strain-based
stiffening behavior of pressurized liver observed in this work may provide an opportunity to
distinguish fibrotic stiffening from stiffening occurring secondary to pressurization.

The observed increase in volume with increased portal venous pressure (see figure 7),
suggests that the liver is expanded during hepatic pressurization. This increase in liver size
suggests a deformation-dependent increase in shear wave speed that is not consistent
geometrically with compression-direction-dependent acoustoelasticity theory. While the
underlying theoretical basis of both SWS increases with hepatic pressurization and changes
in SWS predicted with acoustoelastic uniaxial compression both rely on hyperelastic
material properties, the relationship between the applied stress and corresponding SWS will
be different and likely depend on many factors including underlying liver geometry. The
liver was qualitatively observed to increase in size with pressurization only in the
unconstrained case (see figure 7), but it was not possible to evaluate quantitative volume
change with this experimental setup. This result supports the hypothesis that increases in
liver stiffness with pressurization arise from an increase in underlying strain condition, and
can therefore be attributed to tissue nonlinearity. Limitations of this experiment relate to the
differences between the experimental setup and in-vivo conditions such as the lack of
perfusion or active physiologic response, and the difference in temperature between the
infusate (~23 degrees Celsius) and normal physiology (~37 degrees Celsius). The good
agreement between experimental results and reports from clinical human literature suggest
that these effects are likely to be small. The general increase in SWS errorbar size with
increasing SWS noted in figure 5 is an expected result related to limitations in temporal and
spatial sampling (Wang et al. 2010).

Table 2 shows the results from a linear regression analysis comparing SWS and increase in
pressure for the constrained and unconstrained liver pressurization experiments. There was a
high correlation between increasing pressure and SWS when the liver was free to expand

(R2 = .81, p < .01, ). In the constrained case, the SWS were not observed to

change significantly with pressure (R2< .001, p = .96, ). These results show
a statistically significant relationship between SWS and increasing hepatic pressure only
when the liver is free to deform and no relationship when the liver is constrained from
expansion. The necessity of deformation to observe increase in SWS suggests that the
stiffening effect of pressurization on the liver may be similar to strain-stiffening reported in
collagen, kidney, prostate, and other biologic tissues (Erkamp, Skovoroda, Emelianov &
O’Donnel 2004, Fung 1993, Krouskop et al. 1998). These similarities may amplify
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understanding of liver pressurization and provide the basis for using nonlinear strain-
stiffening models to quantitate liver pressure in vivo.

Hyperelastic behaviors have been previously reported in tissues (Erkamp, Emelianov,
Skovoroda & O’Donnel 2004, Krouskop et al. 1998, Fung 1993, Varghese et al. 2000).
Additionally, nonlinear parameter fitting from compression or indentation testing has been
studied in liver tissue (Bummo & Kim 2010, Chui et al. 1997, Jordan et al. 2009, Gao et al.
2010), but in-situ testing of nonlinear mechanical properties has not been previously
reported. The experiments reported herein provide the basis for exploring nonlinear
hyperelastic behavior of the liver in-situ or in-vivo using radiation force-based methods. The
deformation observed with hepatic pressurization may be useful for both elucidating the
appropriate mechanical models for liver and modeling the deformation observed with
hepatic pressurization. Determining the deformation state of the liver noninvasively using
stiffness metrics may provide a noninvasive hepatic pressure measurement tool in the future.

6. Conclusions
This work demonstrates that hepatic stiffening with increased pressure requires an
underlying tissue deformation indicating that a hyperelastic nonlinear model would be
reasonable to adopt for studying shear wave speed increases with hepatic pressurization.
Because the mechanism of stiffening from fibrosis stage and pressurization are different, this
may provide the basis for distinguishing the two stiffening behaviors, resolving differences
between different studies, and for longitudinal tracking of HVPG for prognostic and
treatment purposes.
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Figure 1.
Diagram of the experimental setup for comparison between excised canine livers that were
or were not constrained from deformation throughout pressurization. The increase in hepatic
pressure was accomplished by raising the saline reservoir from the level of the portal vein as
shown above.
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Figure 2.
Two sample unconstrained experimental datasets. Average axial displacements over 4.4–5.1
cm in depth are shown at various lateral positions. The ARFI push occurs at lateral position
= 0 mm and the displacement through time profiles as tracked ultrasonically and calculated
by the Loupas estimation algorithm (Loupas et al. 1995) are shown. A 1000 Hz low-pass
filter has been applied to the displacements in the time dimension. At increased pressure, the
displacement amplitudes are observed to be smaller and the displacement peaks occur earlier
in time, both of which correspond to faster shear wave speed propagation and increased
material stiffness.
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Figure 3.
The RANSAC-based iterative removal of outliers as implemented for SWS estimation
(Wang et al. 2010) is shown for the two datasets examined in figure 2. A steeper time to
peak displacement versus lateral position corresponds to a slower shear wave speed as
shown for the figure on the left at 1 mmHg hepatic pressure as compared with the figure on
the right at 44 mmHg pressure. Both datasets were collected in the unconstrained case for
which the liver was allowed to expand with increased pressure.
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Figure 4.
Comparison within one ex-vivo canine liver between a pressurized case limited in volume
(constrained, shown with circles) to one allowed to expand (unconstrained, shown with
boxes).
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Figure 5.
Comparison between pressurization and SWS for constrained (shown with circles) and
unconstrained (shown with boxes) cases from independent measures taken in six ex-vivo
canine livers. Standard deviation between the experiments in pressure and SWS are shown
as horizontal and vertical error bars respectively. The * represent groups for which the p-
value was less than 0.01.
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Figure 6.
Multiple linear regression results for the unconstrained (subfigure a) and constrained
(subfigure b) SWS estimates across all six experimental animals. The p - values for the
hypothesis that SWS does not change with pressure are 0 and .96 for the unconstrained and
constrained cases respectively. More quantitative results for the linear fit are shown in table
2.
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Figure 7.
Screen images from the ultrasound scanner comparing constrained and uconstrained canine
livers at 45 mmHg. The green boxes shown above represent the region of interest
interrogated using shear wave speed metrics for each case. As shown, the depth of the
radiation force excitation varied from 3.5 cm to 5.1 cm in depth from the transducer face.
Regions of interest were selected for distance from edges of the liver and relative
homogeneity based on B-mode examination. Six shear wave speed datasets were acquired
for each pressure at one location of radiation force excitation.
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Table 1

Radiation Force Sequence Parameters

Parameter Value

Ultrasound Scanner S-2000

Probe 4C-1

Push Frequency 2.67 MHz

Track Frequency 3.08 MHz

Push Cycles 400

Push Duration 180 μs

Push F# 3.5

Push Focal Depth (lateral) 3.5–5.0 cm

Elevation Focus 4.9 cm

Isppa (H20) 1544 W/cm2

Isppa (α = 0.3) 626 W/cm2

MI (0.3) 1.9
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Table 2

Linear regression comparing SWS and pressure for constrained and unconstrained conditions across six
experiments. The non-zero slope, high R2 value, and low p - value of the SWS compared with pressure in the
unconstrained case indicate a significant correlation between SWS and pressure when the pressurized liver is
free to deform. In the constrained case, the high p - value and low R2 value indicate that there was no
correlation between SWS and pressure increase observed when the liver is not free to deform while
pressurized.

Experimental Condition y-intercept [m/s] R2 p - value

Unconstrained .66 .08 .82 < .01

Constrained 1.56 0.001 2.7E-5 .96
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