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Abstract
Elastography provides significant information on staging offibrosis in patients with liver disease and
may be of some value in assessing steatosis. However, there remain questions as to the role of steatosis
andfibrosis as cofactors influencing the viscoelasticmeasurements of liver tissues, particularly shear
wave speed (SWS) and shear wave attenuation (SWA). In this study, by employing the theory of
composite elasticmedia as well as two independent experimentalmeasurements on oil-in-gelatin
phantoms and alsofinite element simulations, it is consistently shown that fat andfibrosis jointly
influence the SWS and SWAmeasurements. At a constant level of fat,fibrosis stages can influence the
SWAby factors of 2–4.Moreover, the rate of increase in SWAwith increasing fat is strongly influenced
by the stages offibrosis; softer background cases (lowfibrosis stages)have higher rate of SWA increase
with fat than thosewith stiffermoduli (higher fibrosis stages).Meanwhile, SWS results are influenced
by the presence of fat, however the degree of variability ismore subtle. The results indicate the
importance of jointly considering fat andfibrosis as contributors to SWS and SWAmeasurements in
complex liver tissues and in the design and interpretation of clinical trials.

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) spans a range of liver problems from simple steatosis, to early stages of
fibrosis, to combination of steatosis andfibrosis, tofibrosis at advanced stages, and cirrhosis. Its prevalence is
approximately 30%of the general populations in theUnited States and European countries whichmakes it one
of the growing health concerns in theworld (Ye et al 2020). NAFLDdevelops initially (or is triggered) by an
accumulation of lipid in the liver hepatocyte, greater than approximately 5%. Early diagnosis ofNAFLD at the
simple steatosis and earlyfibrosis stages could allow for treatment to reverse the disease process before it results
in irreversible pathological damage to the liver (Ozturk et al 2018). The gold standard for diagnosing these
conditions is the liver biopsy, which is invasive and uncomfortable for patients and also relies on data from a
small sample of the liver tissuewhichmight not be representative of the entire liver (Angulo 2002,Haga et al
2015, Chalasani et al 2018).

Ultrasound (US) elastography techniques are non-invasive and affordable alternatives to biopsy and have
drawn considerable attention for the prognosis andmonitoring of histological changes to the liver during
treatment (Parker et al 2010, Palmeri et al 2011, Barry et al 2012, Friedrich-Rust et al 2012,Nightingale et al 2015,
Nenadic et al 2016, Langdon et al 2017, Barr 2018, Parker et al 2018a,Ormachea et al 2019, Sharma et al 2019,
Gesnik et al 2020). These studies aimed to characterize tissue properties and distinguish normal tissue from
diseased tissue by correlating variation inmeasured biomechanical parameters with pathological changes.

Ideally, some ultrasound tissue characterization parameters could be derivedwhichwould produce a simple,
monotonic changewith specific pathology andwhichwould be largely independent of other cofactors or
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conditions. For example, ideally the shear wave speed (SWS) of liver tissuewould increasemonotonically with
increasingfibrosis in a simple, sensitive, and accurate fashion, not influenced by other factors. Unfortunately,
the role of cofactors can bemajor, so various groups have attempted tomitigate or at least account for their roles
(Ferraioli et al 2018). For example, a clinical study of patients with varying degrees of steatosis and fibrosis was
reported by Petta et al (2017). In that study, the correlation of the liver stiffnessmeasurement (LSM), and the
controlled attenuation parameter (CAP), (a proprietary ultrasound attenuationmeasurement), was investigated
where steatosis andfibrosis coexist. It was shown that for livers where CAP is high, the degree offibrosis is
overestimated by LSM, and this results in an increase in false positives in the diagnosis of liver fibrosis.

Asmore andmoremeasurements related toUS and elastography parameters become available on
commercial scanners, the role of cofactorsmust be carefully considered (Mikolasevic et al 2016, Parker et al
2018a, Sharma et al 2019). The roles offibrosis and steato-fibrotic conditions on shearwave attenuation (SWA)
measurements have not been extensively examined, and previous studies havemainly focused on the acoustic
attenuation coefficient which is associatedwith the decay in the longitudinal compressional waves (Lin et al
1988). Therewas early disagreement in the results reported in the literature regarding the role offibrosis on
acoustic attenuation coefficients (Afschrift et al 1987, Suzuki et al 1992). Today, to the best of our knowledge, few
studies have examined the role offibrosis and steato-fibrosis on the SWAwhere the results separate out the effect
of the cofactors. Deffieux et al (2015), in a study to investigate the effect of the viscosity on steatosis and fibrosis
staging, reported no correlation between steatosis and viscosity.

Thus, two important clinical questions emerge in parallel: whenwemeasure SWS in an attempt to gauge
fibrosis, does the presence of fat (steatosis) confound or vary the results? Similarly, whenwemeasure SWA in an
attempt to gauge the accumulation of fat, do varying degrees offibrosis confound or alter the result?

In a naïve view, SWSwould simply increase withfibrosis, while SWAwould simply increase with the amount
of fat accumulating in a steatotic liver. However, in reality the two conditions are confounding cofactors which
need to be understood jointly.We address this issue by assessing the cofactors’ roles within four independent
methodologies:

• From the theory of composite elasticmedia.

• From experimental stress relaxationmeasurements on oil-in-gelatin phantoms.

• FromSWS and SWAmeasurements in oil-in-gelatin phantoms taken from a commercial scanner
implementing push pulses.

• Fromfinite element (FE) simulations of shear waves in fatty livers.

In comparing these differentmethodologies, we utilize the theory of compositemedia as a common
reference against which others are compared. Ultimately, these differing assessments lead to similar conclusions
about the importance of fat andfibrosis as cofactors in liver elastography and are detailed in the following
sections. The importance of these cofactors for stratifying clinical trials is a practical consequence of these
findings.

2. Theory

In the development offibrosis, the shearmodulus of liver typically increases. For a viscoelasticmedium, the
shearmodulus is a complex parameter which is frequency-dependent and relates to the stiffness of themedium
and the speed of wave propagation.When a shearwave propagates through a viscoelasticmaterial, its two
important propagation characteristics, SWS and SWA, depend on the complex shearmodulus Gc or the

complexwave number k̂ of the underlyingmaterial as follows:
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where ( )wc ,ph ( )b w , and ( )a w are the phase velocity, the real part of thewavenumber, and the attenuation,
respectively, all depending on the frequency w and the density r of thematerial (Carstensen et al 2008, Vappou
et al 2009, Carstensen andParker 2014, Kazemirad et al 2016). Solving for ( )wcph and ( )a w , similar to the
derivation of Parker et al (2018b) andZvietcovich et al (2019), we have:
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2.1. Composite theory
Steatotic liver tissue is characterized bymicrovesicular andmacrovesicular accumulation of lipid vacuoles in the
hepatocytes (Fromenty et al 1997). Our approach is tomodel the simple steatotic liver as a compositemedium
with fat droplets considered as spherical inclusions distributed in a backgroundmaterial characteristic of the
normal liver properties. In doing so, we can employ the theory proposed byChristensen (1969) and expanded by
Lakes (1999) tomodel the fatty liver as a compositemedium. This compositemodel was also incorporatedmore
recently in a study of the rheologicalmodels that are capable of capturing the dominant viscoelastic behaviors
associatedwith fat and inflammation in the liver (Parker et al 2018a), alongwith themicrochannel flowmodel
(Parker 2014). Those results did not consider the confounding effects of liver stiffening due tofibrosis, so further
investigations arewarranted.

Considering a normal liver with shearmodulus ( )wG ,1 and fat inclusionswith shearmodulus ( )wG2

distributed in the normal liverwith a small volume fraction ofV ,2 the simple steatotic liver will have a shear
modulus of ( )wG :c
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with the assumption of a nearly incompressiblemedium consistent with normal tissues having a Poisson’s ratio
of ~v 0.51 andChristensen’smodel (Christensen 1969) of the inclusions as a general distribution of small
spheres. This equation is valid for small volume fractionsV2 (and less than 0.5) andmodels a progressive
departure from the properties of ( )wG1 asV2 increases from zero. Tomodel the normal liver G ,1 we can employ
the power law behavior using theKelvin–Voigt fractional derivative (KVFD)model as follows:
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where a is the power law parameter and G0 is a constant.Moreover, we canmodel the fat inclusions as a viscous
oilfluidwith the viscosity of h as a simple dashpot elementwith the shearmodulus of:

( ) · ( )w h w=G j . 72

With the help of equations (1)–(7) and our assumptions about fat being primarily a lossy term,we can now
make some general statements about the interplay of factors. In practice, G1 is in the range of 1 kPa for normal
livers and dominates the Gstor (realmodulus) term,whereas G2 is from fat inclusions that wemodel as a purely
viscousmaterial which contributes to the imaginary part of themodulus. Let us assume that increasing amounts
offibrosis create a progressively higher storagemodulus Gstor in equation (2). In that case, cph in equation (3)will
increasemonotonically and directly as both Gstor and ∣ ∣G increase. However, awill decrease because of the
subtraction term in equation (4). Now if fat is added in increasing amounts, whichmakes the volume fractionV2

in equation (5) increase, the imaginary component G loss will increase according to equation (7). In that case, in
the ‘simple’ rangeV2 is small and Gstor dominates initially; then as fat is added, a is increased through the
increasing result of the subtraction term in equation (4), and thematerial is actually softened by the addition of
fat, resulting in a lower c .ph Aswill be shown in the next sections, the accumulation of small amounts of fat in a
fibrotic liver produces a slight decrease in SWS, this is easily disguised by other sources of variability. However
increasing stiffness (fibrosis) creates a very strong drop in attenuation given a fixed amount of fat.

3.Methods

To experimentally assess the role of fat andfibrosis as cofactors on the SWS and SWAmeasurements, two
independentmeasures are employed to assess eight different viscoelastic phantoms. Separately, FE simulations
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are implemented to provide an independent test of the compositemodel. In this section, the details of
experiments and the simulations are presented.

3.1. Phantompreparation
Eight different viscoelastic tissue-mimicking phantomsweremade using a combination of gelatin powder,
sodium chloride (NaCl), and agar in 900 ml of degassedwater forming the basemixture, and castor oil used for
the inclusion. The portion of each ingredient is listed in table 1. Four phantoms have 18% castor oil and four
others have 2% castor oil, based on four different gelatin percentages of 3%, 4%, 5% and 6%.

In order tomake the oil-water solutionmore stable, first the basemixture and the castor oil were separately
heated up to a temperature of approximately 65 °C and then oil was added to the gelatinmixture slowlywhile
stirring constantly using amagnetic stirrer. Surfactantwas also added slowly to the oil-in-gelatinmixture to help
keep the small oil droplets (already formed) suspended in themixture without being aggregated throughout the
process,making a uniform and stable oil-in-gelatinmixture. The solutionwas then cooled down to almost 30 °C
before it was poured into a cylindricalmold. The latter process was done slowly to avoid creating small bubbles
in themixture. The cylinder was sealed and placed on a low-speed rotator (model 33B, Lortone, Inc.,Mukilteo,
WA,USA) for almost 5 h to rotate uniformly, letting themixture solidify without oil drops aggregating. The
phantomswere left at a temperature of 4 °Covernight to solidify. The following day, the phantomswere allowed
to reach room temperature before any ultrasound scanning ormechanical testingwas done.

Table 1.Portion of ingredients used formaking viscoelastic phantoms.

Ingredient Amount Manufacturer

Gelatin 3% 300 BloomPorkGelatin, Gelatin Innovations Inc., Schiller Park, IL, USA

4%

5%

6%

Castor oil 18% Castor oil,Walter Price St. Cayce, SC, USA

2%

NaCl 0.9% SodiumChloride, BDH,West Chester, PA,USA

Agar 0.15% Difco Agar technical, Becton,Dickinson&Comp. Sparks,MD,USA

Surfactant 40 cc l−1 oil Ultra-Ivory, Procter andGambleCompany, Cincinnati, OH,USA

Figure 1.Comparative structure of the phantoms: (a) pure elastic phantomwith 4%gelatin, (b) 18% castor-oil-in-gelatin phantom
with 4%gelatin, (c)magnified view of the phantom structure shown in (b)with the scale ofmillimeters for reference. The scale bars are
added to show the size of the cylindrical phantom cross-section and also themagnified region.
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Figures 1(a) and (b) show a sample cut of a 4%pure gelatin phantomand a viscoelastic phantomwith 4%
gelatin and 18%castor oil, respectively, for comparison. Infigure 1(c), amagnified view of the viscoelastic
phantom in (b) is presentedwherewe observe a uniformhomogeneous distribution of small drops of castor oil
within the gelatin phantom.Most drops appear to have a diameter of less than 0.5 mmaccording to the
magnified view.

3.2. Ultrasound scanning
To obtain themechanical properties of the viscoelastic phantoms and, therefore, the speed and attenuation of
the shear waves propagating through the phantoms, a Samsung ultrasound scanner (model RS85, Samsung
Medison, Seoul, SouthKorea)with a curved array transducer (model CAI-7A, SamsungMedison, Seoul, South
Korea)was employed. It produced deformations that propagated as a shear wave in the phantomby applying
radiation force excitation and then tracking the corresponding particle displacement. The center frequency of
the transmit push beam is 2.5 MHzwith an f-number of 2 or larger depending on depth, and a sampling
frequency rate of 20MHz. The SWS and SWAare calculated based on the theory presented in Parker et al
(2018c)where an analytical solution is derived tomodel a push pulse and propagating shear waves from a linear
array transducer. This closed form solution is employed to estimate SWS and SWA from the displacement
measurements. The shearwave produced by the push pulse has a peak frequency in the range of 100–150 Hz in
phantoms (Parker et al 2018b,Ormachea and Parker 2020).

3.3. Stress relaxation test
Anotherwidely used (Fung 1981, Lakes 1999) test on oil-in-gelatin phantoms is the stress relaxation test that we
employed to evaluate the properties of the viscoelastic phantoms. This compression test was done on 3–4 small
cylindrical cuts with an average diameter of 20 mmand average height of 24 mmout of each cylindrical
phantom, as shown infigure 2. This test was done on the same day as the ultrasound scanning to ensure that the
properties of the phantoms did not change due to dehydration or aging, and so that the comparison of the two
modalities wasmore consistent. Using aQ-Test/5machine (MTS, Eden Prairie,MN,USA)with a 5 N load cell, a
5% strainwas applied on each sample with a compression rate of 0.5 mm s−1, for approximately 500 s. Then, the
stress relaxation for each samplewas fitted to theKVFDmodel (for >t T ,0 whereT0 = hold time) as in
equation (8), similar to thework by Zhang et al (2008). Thisfit produces three estimated coefficients E ,0 a, and V
which are used in equation (9). The complex Youngmodulus ( )wE* as a function of frequency is obtained from
equation (9) using the threefitted coefficients from equation (8). Assuming that soft tissues and phantomswith
highwater content are nearly incompressible, the complex shearmodulus is then calculated according to

( ) ( )/w w=G E 3.* * Thus, in the time domain, the stress relaxation is obtained from:

( )
( )

( ( ) ) ( ) ( )s e V
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= +
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Figure 2. (a)A sample of a large cylindrical phantom (4%gelatin and 18% castor oil)with scale bar shown at the bottom. (b) Small
cylindrical cuts for the stress relaxation test.
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and in the frequency domain the complex Young’smodulus obeys the following equation:
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In these equations, a is the power law parameter, V is related to the viscous behavior of thematerial, and E0 is an
elasticmodulus constant which is negligible for soft tissues and viscoelastic phantoms (Zhang et al 2007).

3.4. FE simulation
Shearwave propagations through homogeneous and inhomogeneousmedia were numerically simulated using
Abaqus/CAE2019 (Dassault Systems, Vélizy-Villacoublay Cedex, France). The simulation domain is a 3Dblock
with the z-direction as the propagation direction and the x and y as the lateral directions. For the shear wave
excitation in the block, the x-y plane on the left side of the block shown infigure 3(a) is subjected to a three-cycle
150 Hz toneburst transient displacement along the y-direction. The displacement excitation function applied is
symmetric with respect to both x and y axes. A 3D schematic of the block, its orientation, and the excitation
plane are depicted infigures 3(a) and (b).

The domain ismeshed using 214 816 hybrid, quadrilateral linear elements (C3D8RH). Themesh size is
approximately 0.45 mmwhich is refined to resolve the smallest wavelength in each simulation. The initial time
increment is set for each simulation separately to resolve the smallest element size based on themaximum
theoretical speed, so that the time step is less than the value suggested by the ratio of [min (mesh size)]/[max
(propagation speed)]. The initial time step changes between 1.5E-5 to 8E-5 s depending on the simulations. The
automatic time incrementation option inAbaqus/Standard is employed to adjust the subsequent time step
increments assuring the convergence of the solution. The simulationmodels approximately 50 ms ofwave
propagation in the computational domain based on the dynamic-implicitmethod.

In order to avoid the reflection of the incident wave from the boundaries back into the domain and to avoid
the unwanted interference, infinite boundaries are defined around the domain tominimize the reflection.

For the inhomogeneous simulation, the inclusionmaterial is distributed randomly throughout the volume,
implemented as singlemesh elements within the backgroundmaterial of the 3Ddomain. The background
material ismodeled as an elasticmaterial with a density of 998 kg m−3 and a Poisson’s ratio of 0.495. The viscous
fat inclusions are implementedwithin the framework of the FE solidmodeling options as predominantly viscous
material by selecting a Zenermodel with small ¥E (10 Pa) and relatively high E1 (10 kPa), and a viscosity of
1 Pa s, based on the viscosity of castor oil at room temperature (Dutta et al 1956).

The displacement at a number of points along the centerline of the propagation direction (z) is calculated as
well as four neighboring points around each z-location. The displacement at each z-location is then taken as the
average of the displacement at that specific point and the surrounding four neighboring points; thisminimizes
any localfluctuationswithin the inhomogeneousmedia. The arrangement of these neighboring points is
illustrated infigure 3(c).

FE simulations are performed to extend the study to systematic variations of fat inclusion levels and also
fibrosis stageswhere the effect of cofactors could be investigated in amore extensive (broader) range of
conditions. In order to simulate graduated increase in steatosis condition in regular increments around our 18%
phantom, four different inclusion percentages of 6%, 12%, 18%, and 24%were implemented inAbaqus.
Moreover, to simulate the effect offibrosis and the basematerial stiffness level on the SWS and SWAparameters,

Figure 3. (a) Schematic of 3Dblock orientation, excitation plane, and the propagation centerline. The block dimensions are
approximately 26.5 mm×26.5 mm×30.5 mmalong the x, y, and z axes, respectively. (b)Computationalmeshes of the domain
with the infinite boundaries in the FE simulation. (c)Definition of the four neighboring points around each center point on the z axis,
less than one-fifth of awavelength apart in each case.
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five different backgroundmaterials were set up inAbaqus. The stiffness levels used formodeling fibrosis stages
in the simulations are based on theMETAVIR scoring systemwhich is selected based on peak of the probable
values of SWS (stiffnesses) for thefibrotic livers presented in the statement by the Society of Radiologists in
Ultrasound (Barr et al 2015). These five groups and their selectedmaterial SWS, which also represents the
stiffness level, are reported in table 2.

Considering the effect of fat and fibrosis simultaneously, 20 inhomogeneous simulations in total were
performed based on different fat inclusions and different background fibrosis (stiffness) stages. For each
inhomogeneous simulationwith inclusions, to compensate for the effect of geometric spreading on the
amplitude decay, a corresponding homogeneous elastic simulation is also performedwhere the homogenous
medium ismatched to the same group velocity as the inhomogeneous case. Thismakes a total of 20 elastic
simulationsmatching the 20 inhomogeneous simulations. Therefore, we can quantify the SWAas an
exponential decay in peak amplitude, corrected for geometric spreading, for each combination of background
stiffness and percentage of fat.

4. Results

4.1. Phantom experiments
The stress relaxation curves for viscoelastic phantoms having 18% castor oil inclusions but at different
background stiffnesses (gelatin percentages of 3%, 4%, 5%, and 6%) are shown in figure 4. For each phantom,
the test results on 3–4 samples are presented to show reproducibility. Under constant strain rate applied to all
cases, the general trend in the stress relaxation curves is an increase in the stress level with increasing gelatin
percentagewhen the castor oil inclusion amount isfixed. This trend is also observed in the value of the V
parameter in theKVFDmodel (equation (9)): V increases significantly with increasing gelatin percentage. The
KVFDpower law parameter a oscillates in a small range around 0.045 for all cases, and E0 is also negligible, as

Figure 4. Stress relaxation test and the corresponding KVFDfitting curve for phantomswith 18% castor oil and different gelatin
percentages: 3%, 4%, 5%, and 6%.

Table 2.Backgroundmaterial SWS for
simulating different fibrosis stages.

Fibrosis score (METAVIR) SWS (m s−1)

F0 0.9

F1 1.1

F2 1.4

F3 1.75

F4 2.2
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expected, for viscoelasticmaterial behavior. The details are reported in table 3 aswell as themeans and standard
deviations obtained frommultiple samples tested.

First, we utilized the two independent sets of results for SWS and SWA frombothmechanical stress
relaxation tests and ultrasound scans on the viscoelastic phantomswith 18% castor oil and compared the two
experimental results with the composite theory predictions. In employing the compositemodel for the
theoretical estimation of the shearmodulus of each phantomwith an 18% castor oil inclusion ( )G ,c the shear
modulus of the backgroundmaterial ( )G1 is needed according to equation (6). To approximate this G1 for each
phantomwith 18% inclusions, a 2% inclusion phantom at the same background stiffness as that of the 18%
phantom is used and its shearmodulus is obtained to be used as G .1 The reason for using the 2% results instead
of pure gelatin (0%oil) is due to the observation that the addition ofminimal castor oil dropswith the surfactant
and rotational processingmay change the conformation of the gelatin backgroundmaterial itself. Therefore, the
2%castor oil is a sufficiently small amount of oil to represent the asymptotic approach of the composite
properties to near zero inclusions.

Infigures 5(a) and (b), the SWS and SWAare shown for different background stiffnesses (gelatin
percentages) at 18%oil inclusion. The SWS and SWAare both calculated from two independent tests of:

Figure 5.Comparison of (a) SWS (b) SWA, at 18%oil and different fibrosis stages for the composite theory (red dashed lines) versus
the stress relaxation test (blue bars), andwith Samsung scan results shown as box plots. In the boxplots, the notched line represents the
mean of the data.

Table 3.The averaged KVFDparameters for each viscoelastic phantomwith the values of the
standard deviations reported for themeasurements of samples from the same batch. SD refers
to the standard deviation.

Gelatin% E0 SD a SD V SD

3%gelatin 2.19E-05 1.15E-05 0.046 0.0036 2487 134.9

4% gelatin 2.11E-04 1.49E-04 0.045 0.003 5038 240.4

5% gelatin 1.30E-04 1.07E-04 0.049 0.0017 8765 202.8

6% gelatin 4.68E-05 7.2E-05 0.045 0.00167 12 874 330.4

Figure 6. Sample of a B-scan (left side) and elastography images (right side) of a (a) 4%gelatin phantomand (b) 6%gelatin phantom,
both having 18%of castor oil inclusions. The arrows indicate the focal region in the scanwith the scale bar showing the depth of the
scanned region.

8

Phys.Med. Biol. 66 (2021) 045024 S S Poul andK J Parker



(i) ultrasound scan results usedwith the theory in Parker et al (2018c), and (ii) themechanical test results fit to
theKVFDmodel at 150 Hz frequency.Wefind that results fromboth tests are consistent with the composite
theory predictions for SWS aswell as SWAwhen oil volume fractionV2 is 0.18. The SWS increases with the
increase in background stiffness and for the SWA, the general trend is decreasing SWAwith increasing
background stiffness, an observation supported by theory and phantom experimental results. The ultrasound
scan results, KVFD estimates, and theory predictions are shown as box plots, blue bars, and dashed lines,

Figure 7.Top row: a snapshot in time of the propagatingwaveform in the FE simulation for (a) the homogeneousmedium and (b): the
inhomogeneousmedium.Displacement amplitudes will scale with source excitation in this linearmodel. Bottom row: time evolution
of shear waves at four different locations along a single line in the z-direction in the FE simulations in the (c) homogeneous and
(d) inhomogeneousmedium.All cases are at thefibrosis (stiffness) level of F4. The inhomogeneousmediumhas 12% inclusions.

Figure 8.Composite theory versus FE simulations at different fat percentages and different fibrosis stages at the frequency of 150 Hz.
Top row: SWSof (a) composite theory, (b) FE simulation. Bottom row: SWAof (c) composite theory, (d) FE simulations.
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respectively, infigures 5(a) and (b). The SWAmeasurements taken from the Samsung scanner, shown in the box
plots offigure 5(b), have a variability over 15% in these phantoms, plausibly due to some non-uniformity in the
distribution of oil, and to errors in the displacement estimates. The variability in humans could be larger due to
the effects of the overlying tissues,motion, and noise.

A sample of B-scan and elastography images for the 4%and 6%gelatin phantoms, bothwith the 18% castor
oil inclusions are shown infigures 6(a) and (b)with the average SWS and attenuation coefficients.

4.2. FE simulation
Shearwave propagation results were evaluated from the FE simulations, and the SWSwas obtained using the
time-of-flightmethod. SWAwas estimated froman exponential decay curve-fit after comparison against the
geometric spreading in a corresponding elastic (non-attenuating)homogeneousmediumof the same group
velocity. The presence of inhomogeneous inclusions changes thewave front and also the displacement at nodal
points.

Figures 7(a) and (b) show a snapshot in time of the propagating waveformof the homogeneous pure elastic
and inhomogeneous 12% inclusions, respectively, both at F4fibrosis (stiffness) stage. The presence of small
inclusions in the background alters thewave to create small spatial fluctuations. Furthermore, looking at the
displacementfield as a function of time atfixed locations along the centerline infigures 7(c) and (d), we see that
the presence of the fat inclusions results in a decrease in the level of displacement in comparison to the
homogeneous case.Moreover, the homogeneous pure elastic case itself presents amplitude decay along the
propagation direction, which is associatedwith the geometric spreading of thewave.

Figures 8(a) and (b) illustrate the comparison of composite theory with the FE simulations for SWS,
respectively. Thesefigures depict the elevated SWSwith the advance infibrosis (background stiffness) stage and
also the reduced SWSwith the development of higher fat content. SWAcomparison of composite theorywith FE
simulations are also presented infigures 8(c) and (d), respectively. The two plots indicate the decreased level of
SWAat higherfibrosis stages and also the increased SWAas a function of higher steatosis score. The plots of
figure 8 also indicate agreement between the theory and simulation for SWS, with a similar trend for SWA
values.

5.Discussion

5.1. General trends
Good agreement was observed between the trends of results for SWS and SWA from three different estimates
derived fromultrasound shearwave scanning, stress relaxation tests, and the composite theory, all supporting
the importance of considering the cofactors of fat and fibrosis. These trends are also observed in the results from
FE simulations for the two parameters of SWS and SWA; this further underscores the significance of the two
factors. Fat accumulation in low volume percentage is aweak cofactor influencing (decreasing) SWS, however
this effect will be frequency-dependent and so could be confusingwhen comparing different studies’ results
using different shear wave frequencies. However, at higher fat volume percentages, fat starts to decrease the SWS
more significantly. On the other hand, baseline stiffness changes result in a pronounced influence on SWA. This
suggests the significance of considering these potential cofactors when interpreting the SWS and SWA
measurements and correlating themwith the histological conditions of tissues in diseases which have not yet
been studied to the best of our knowledge.

In comparing the SWAof the composite theory and the FE simulations, although the trend is the same across
different stiffness levels and different inclusion percentages, the SWAvalues from simulations are higher than
those of theory.One of the important reasons behind that is the fact that the analytical solution in the composite
theory is based on stressfield theories inwhich the scattering phenomena are not considered. But in numerical
simulations and also experiments, some degree of scattering of shear waves is present. Thewave scattering
occurs when thewave propagates in an inhomogeneousmediumwith an impedancemismatch between the
medium and the small inhomogeneities (WuandAki 1985). This introduces an additional component of loss to
the forward propagating wave and therefore the estimated SWAcoefficient would be higher in simulations that
incorporate scattering phenomena.

5.2. Physics versus statistics in clinical trials
In elastography clinical trials, a populationmay be studied under broad inclusion criteria incorporating different
degrees of liver fibrosis and steatosis. Frequently, a linear correlation fit of themetrics against an independent
diagnostic assay is attempted. To look at the cofactors’ roles (fibrosis and steatosis) on the SWAand SWS
measurements, let us assume one patient is sampled for each of the 20 parameter pairs shown in the solid points
offigures 8(b) and (d) (five values offibrosis, F0–F4, and four values of fat concentration for eachfibrosis score).
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Because in clinical practice there are unavoidable errors in biopsymeasurements of fat content and also shear
wave propagation parameters, formore realistic accounting of variability (Parker et al 2018b)we added a
proportional 10%Gaussian noise to both the SWAand fat inclusion percentagemeasurements infigure 8(d)
and also to both the SWS and background stiffness infigure 8(b). For this distribution of parameters, some
simple linear correlation plots of SWAversus percent fat are presented infigures 9(a)–(d) and the correlation
plot of SWS versus fibrosis stage (stiffness) is shown infigure 9(e). The corresponding linearfitting parameters
and the Spearman’s rank correlation coefficients r aswell as the p-values are reported in table 4 for our
simulation results. The correlation coefficient r can change between−1, the strongest negative correlation, and
1, the strongest positive correlation, and small p-values (<0.001) indicate that the correlation is significantly
different from the null hypothesis. For the SWA correlationwith fat, the overall population of 20 cases are shown
infigure 9(a), andwhile a trend to increasing SWAwith increasing fat is observed, the correlation is poor, and the
variability of data is pronounced. The poor correlationwould be evenworse if a fewmore highfibrosis (F4) cases
were included relative to the other samples within a study, and this could lead to a conclusion that fat has little
effect on viscoelasticmeasures.

However, when different subgroups offibrosis stages are analyzed separately, the correlation plots are
improvedwith enhancedR2 (ameasure of correlation goodness offit) and higher correlation coefficient rwith
small p-values given in table 4.Moreover, this correlation is affected by the level offibrosis stages: the lower

Table 4. Linear correlation details of the SWAwith fat inclusion and the SWSwithfibrosis level. The Spearman’s correlation coefficients r
and the p-values are also reported.

Spearman’s

correlation

Cases R2 (goodness offit) Correlation slopem (as in y=mx+b) r p-value

Allfibrosis cases (F0, F1, F2, F3, F4) 0.555 5.82 (Np/m)/(%fat) 0.75 <0.001

subgroup 1 (F0, F1) 0.924 8.21 (Np/m)/(%fat) 0.96 <0.001

subgroup 2 (F2, F3) 0.723 4.26 (Np/m)/(%fat) 0.85 0.0076

subgroup 3 (F3, F4) 0.785 2.68 (Np/m)/(%fat) 0.89 0.0034

All fat cases (6%, 12%, 18%, 24%) 0.874 8.81×10−2 ( )- -m s kPa1 1 0.89 <0.001

Figure 9.Correlation of SWAwith fat inclusion percentage incorporating (a) allfibrosis cases, (b) F0 and F1 cases as subgroup 1,
(c) F2 and F3 cases as subgroup 2 and (d) F3 and F4 cases as subgroup 3. (e)Correlation of SWSwithfibrosis (background stiffness) at
all fat inclusion cases. Data are based on 150 Hz simulation results shown in figure 8, with a proportional distribution of random error
included to represent clinicalmeasurements.
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fibrosis stages have higher correlation slopes of SWAwith increasing fat as shown in table 4. For instance,
subgroup 1 as the combination of F0 and F1 groups has the highest correlation slope aswell asR2 and correlation
coefficients r (p-value<0.001). This stratification by the degree offibrosis tightens the interpretation of SWA
measurements. Looking at the correlation plot of SWS versus fibrosis stage for the overall population in
figure 9(e), we observe a trend of increasing SWSwith increasing fibrosis. This plot has relatively less variation
and spread of the SWSdata due to the presence of different fat inclusion percentages.

Finally, there are additional factors that could confound the interpretation of SWS and SWAmeasurements
in complex liver tissues, for example inflammation, lesions, and vascular pathologies. These represent other
cofactors that need to bemodeled as influences on viscoelastic properties for a better overall judgment of
measurements. In ourmodeling, stiffness is increased as amaterial property of the background. Amore fine-
grain structuralmodel offibrosis has been developed byWang et al (2017),Wang and Jiang (2018, 2019). This
approach could be combinedwith steatosis by the addition of small fat vacuoles, but remains for future research.

Another important factor is the shear wave frequency.We have focused on shearwaves near or at 150 Hz
based on values recorded frompush pulses (Parker et al 2018b,Ormachea and Parker 2020), however
elastography using ultrasound,magnetic resonance, and optical coherence tomography can incorporate lower
frequencies such as 50 Hz for large organs, ormuch higher frequencies of 1–2 kHz for small organs or structures.
The linear dependence of viscous inclusions on frequency in equation (7) is a strong driver of the effect of fat, and
this remains as a key parameter that requires further verification against the composite theory.

Limitations of this study include the simple nature of the compositematerialmodel and the FE simulation.
The simulation applies a tone burst of shear displacement at the boundary, enabling a study of thewave
propagation, however this is not an adequatemodel of the internal displacements caused by radiation force
excitations utilized by some scanners. Furthermore, detailed comparisons of viscoelasticmeasures with
quantitative liver histology and compositionmeasures are required in future studies to validate and refine the
quantitative predictions from the composite theory, the simulations, and the phantom experiments.

6. Conclusion

In this study, we find consistent results from composite theory, from two independent experimentalmeasures,
as well as FE simulations, all describing the role of steatosis and fibrosis as cofactors affecting SWS and SWA
measurements. The results indicate that SWAand SWS are influenced by both the amount of fat and also the
level of background stiffness. Considering the results fromphantom experiments as well as the extension of the
study using simulations, it is concluded thatwhen the fat inclusion percentage is kept constant at levels within
the rangewe studied (2%–24%oil), themeasured SWAwill varywith the fibrosis stages by factors of 2–4.
Furthermore,fibrosis stages have strong effects on the rate of change in SWAwith respect to fat, i.e. cases with
softer background showhigher rate of change in comparison to the cases having stiffer background.On the
other hand, the influence of fat on SWS is less dramatic and could easily be obscured in studies with significant
measurement errors. The effect of accumulating fat is also a strong function of shear wave frequencies, so our
examplesmust be understood to be representative of shear waves in the band around 150 Hz as produced by
some systems’ push pulses. The joint influence of fat and fibrosis can be consideredwithin viscoelasticmodels,
or can be simplyminimized in practice by designing clinical trials so as to stratify research subjects’
measurements into subgroups.
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