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Continuum tissue models that were often used to simulate or analyze the mechanical properties of tissues being
imaged may not be biologically realistic. Our primary objective was to establish the feasibility of using systems
biology to construct biologically relevant tissue models linking tissue structure, composition and architecture to
the ultrasound measurements directly. The first application was designated to model fibrotic liver tissues.

The proposed liver tissue model leveraged established histopathology knowledge of fibrotic liver tissues.
Particularly, rules of systems biology derived from molecular histopathology were first implemented into an
agent-based software platform SPARK to reflect progressions of liver fibrosis with/without steatosis. Then,
microscopic compositions of tissues (e.g cellular components) were converted to computing grids (at the
50-100 um scale) for wave simulations using an open-source K-Wave. To verify the physical soundness of the
proposed model, virtual wave speed measurements (i.e. shear wave speed [SWS] and the speed of sound [SOS])

Steatosis

Agent-based modeling

Ultrasound elastography
Ultrasound tissue characterization

were performed.

Our initial results demonstrated that the simulated SWS values increased with the progression of liver fibrosis
(from 1.5 m/s [Fibrosis stage 1] to 4 m/s [Fibrosis stage 4]). Similarly, the simulated SOS values were within the
range of clinical data (from 1575 m/s [Fibrosis stage 0-3] to 1594 m/s [Fibrosis stage 4]).

In summary, we found that those systems biology simulated fibrotic liver tissues with and without steatosis
can reflect spatial characteristics of relevant histology. Also, their mechanical characteristics (i.e. shear/com-
pressional wave speed) were in good agreement with data reported in the clinical literature.

1. Introduction

Ultrasound elastography [1] aims at non-invasively measuring
tissue stiffness by tracking the motion of soft tissues and has demon-
strated its values in multiple organ systems for clinical diagnosis and
therapeutic interventions [2]. Generally, in elastography, appropriate
constitutive models are explicitly or implicitly required to convert or
interpret elastographic measurements (e.g. displacements, strain, shear
wave speed) to mechanical properties (e.g. Young's/Shear modulus).
Although the linearly elastic model is still in the mainstream, micro-
mechanics-based [3], hyperelastic [4-6], viscoelastic [7,8] and aniso-
tropic [9,10] models have also been adopted to inversely analyze tissue
elasticity.

Furthermore, researchers are also actively seeking to establish the
mechanistic link between the microstructure of biological tissues and

their macroscopic material properties using elastography measure-
ments. Models of this kind could potentially open new avenues for
correlating radiological findings with pathological changes. Notably,
the work by Sack et al. examined how constants of the viscoelastic
power-law measured by elastography can be related to the mechanical
properties of cellular networks [11]. This was accomplished by as-
suming a fractional derivative-based viscoelastic model in which the
fractional order could be linked to the cellular network. Prof. Parker
introduced a microchannel flow model in which the fluid outflow from
micro-vessels under the applied stress can be used to explain frequency-
dependent shear wave dispersion in soft, isotropic, vascularized tissues
[12,13]. However, these two studies mentioned above were still based
on continuum mechanics models.

In the pioneering work from Prof. Waag's group [14], a two-di-
mensional anatomically accurate model was first derived from
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histology data and then used to understand how the ultrasound wave
was distorted after passing the chest wall. Of note, this discrete tissue
model containing sub-wavelength tissue heterogeneities was able to
more realistically simulate the interaction between the tissue and
acoustic wave, as compared to other numerical acoustic simulations
done using continuum models. As inspired by this early success [14], a
discrete (microstructural) liver tissue model is proposed here to in-
vestigate shear wave propagation in fibrotic liver tissues; main con-
stituents of the proposed model are collagen fibers, fatty deposits, and a
ground matrix. Unlike the previous study by Mast et al. [14], the pro-
posed discrete model was derived from systems biology.

In this study, the utility of this novel approach was demonstrated
through “simulated” elastographic measurements in fibrotic liver tis-
sues. We first derived a systems-biology-based (SB) liver tissue model,
pathologically replicating the progress of liver fibrosis. More specifi-
cally, we generated two-dimensional (2D) virtual fibrotic liver tissues
mimicking the liver fibrosis due to insults induced by Carbon tetra-
chloride (CCL,). Those systems-biology-based virtual tissues could
histopathologically resemble different stages of liver fibrosis with and
without steatosis [15,16]. Then, we evaluated how the proposed fi-
brotic liver tissue model could predict experimental wave measure-
ments (i.e. sound of speed [SOS] and shear wave speed [SWS]). In other
words, in vivo results available were compared to computer simulation
results in this feasibility study as preliminary validations.

Toward this end, the rest of this paper is organized as follows. We
began the Methods and Materials Section with the description of the
virtual liver tissue model, followed by detailed descriptions of per-
forming subsequent computer simulations using K-WAVE [17]. The
proposed virtual fibrotic liver tissue model with and without liver
steatosis was integrated into all numerical models. In the Results Sec-
tion, virtual wave speed measurements were performed to validate the
proposed model using in vivo data available in the literature. We con-
cluded this study by a brief discussion.

2. Materials and methods

As shown in Fig. 1, interactions between the SB based virtual liver
tissue model and simulations of compression and shear wave propa-
gation involve several major steps. All steps, along with the use of two
open-source simulation platforms, namely a wave simulator (K-WAVE
[17]) and an agent-based knowledge simulator (SPARK [18]), are
briefly presented below.

2.1. Virtual liver tissue model

We treated the fibrotic liver tissue as a three-phase random medium
where the normal liver parenchyma and the deposits of excessive
connective collagen tissues and lipids are the background and inclu-
sions, respectively. Architectural features of those three components

were simulated using SB. In order to do so, we expanded and modified
an existing agent-based SB model of liver fibrosis originally developed
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by others [19] in SPARK. Signaling pathways for liver fibrosis, liver
steatosis, and interactions between the liver fibrosis and steatosis are
shown in Fig. 2. We first describe simulations of liver fibrosis and
steatosis as two independent processes and then outline their interac-
tions on knowledge available [20]. More details can be found in
Appendix A (Supplemental Material).

Toxicity based liver fibrosis, due to the injection of carbon tetra-
chloride (CCL,4), was induced through four parallel schemes (Fig. 2). In
the first scheme, liver injuries induced by CCL, transform normal he-
patocytes into dead agents. In the second scheme, once Kupffer cells
sense dead hepatocytes, they immediately phagocytize and activate the
production of TNF-a (a canonical pro-inflammatory cytokine) and TGF-
B1 (a canonical anti-inflammatory cytokine). In the third scheme, as-
suming inadequate clearance of dead hepatocytes occurs, damage-as-
sociated molecular pattern (DAMP) molecules such as HMGBI starts to
accumulate. Certainly, the presence of HMGB1 would subsequently
recruit and convert more monocytes to active Kupffer cells. In the
fourth scheme, agents such as active portal fibroblasts and HSCs
transform to myofibroblast agents when they detect TNF-a. Similarly,
when the system detects TGF-$1, myofibroblast agents start to pro-
liferate and deposit collagen into existing ECM structure. Of note, in all
four above-mentioned schemes, interactions among them were prob-
abilistic.

Now referring to the simulation of liver steatosis, we adopted a
theoretical model developed by Schleicher et al. [21]. More specifically,
the active scheme (hereafter referred as to the fifth scheme) [21] is that
the storage of triacylglycerol (TAG) within hepatocytes leads to cell
enlargement, thereby reducing the sinusoids radius and impairing he-
patic microcirculation. Because of the compromised microcirculation,
oxygen supplies will be reduced and, consequently, lipid oxidation will
be further impaired. Eventually, lipid accumulation will occur in the
liver (Fig. 2). Currently, the dynamic interactions between the liver
steatosis and fibrosis are complex and not fully understood. Based on
work by Diehl et al. [22], we assumed that the presence of lipid droplets
up-regulates TNF-a . As a multi-functional cytokine, TNF- « is actively
involving in energy metabolism, especially lipid homeostasis. This in-
teraction is also illustrated in Fig. 2.

2.2. Use of the virtual tissue model for simulations of ultrasound
compressional/shear waves

2.2.1. Creation of computing grid

After the above-mentioned SB simulations, these resultant tissues
were represented by aggregates of non-overlapping, circular particles.
In other words, an SB-based simulation resulted in a random multiple-
phase medium (Fig. 1b), in which hepatocytes (radius: 50 pm), lipid
cells (radius: 40 pm) and collagen depositions (50 um X 30 um) all oc-
cupied the physical space. Then, an image-based “conversion” scheme
(Fig. 3a to Fig. 3b) was used to convert the random multiple-phase
medium into a discrete liver tissue model as follows. Basically, all SB
simulation results were saved as a JPEG image whose pixel size is
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SW Propagation Direction [mm]

Width [mm]

m » [virtual Liver Tissue] » [Mechanical Modell » M
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Fig. 1. Schematic illustrations of the workflow: (a) Systems biology [SB] simulation, (b) virtual liver tissue generated from SB simulation, (c) mechanical model of
the virtual liver tissue and (d) wave simulations by K-WAVE. The wave propagates from left to right in (d). In (a), different color represents different agents whose
acronyms can be in Fig. 2, while red, blue and yellow represent normal liver tissue, fibrosis, and fat, respectively in (b). In (c), the color bar denotes SWS in m/s.
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Fig. 2. A diagram showing signaling pathways related to liver fibrosis and steatosis induced by CCL, insults induced liver fibrosis and lipid accumulation, re-

spectively.

0.014 mm. The JPEG image was then decimated to a computing grid
whose grid space was either 0.1 mm (7 X 7 to 1; ultrasound compres-
sive wave simulations) or 0.1 mm (7 X 7 to 1; plane shear wave si-
mulations). The 50-um grid spacing was approximately 1/9 of the ul-
trasound wavelength at 2 MHz, while the 100-uym grid spacing is
roughly 1/100 of the wavelength of the shear wave.

Mechanical properties (e.g. speed of sound and shear wave speed)
were assigned to each point on the discrete computing grid (Fig. 3c).
The computing grid could be directly used by K-Wave [17] to solve
wave equations using a K-space finite difference scheme.

2.2.2. Virtual wave simulations

A uniform 90 mm (along the wave propagation direction) x 22 mm
computing domain was used to generate wave speed data, as shown in
Fig. 4. A 20mm X 20 mm central rectilinear region of interest (ROI)
containing the proposed virtual liver tissues (Fig. 3c) was embedded
into the computing domain. The wave propagation was simulated by K-
Wave [17].

For each model, one transient cycle of plane shear or compressional
wave excitation at 100 Hz or 2 MHz, was applied to a set of locations
close to the left edge of the ROI (see the green line in Fig. 4) to initiate
the shear/compressional wave propagation. Both frequencies are con-
sistent with those used in a clinical setting [1,23]. Periodic boundary
conditions have been appropriately configured to avoid reflection on
the boundaries. Details of the simulation setting can be found in our
previous papers [27]. Simulation parameters (Table 1) were adopted
from the literature [24-27].

As shown in Table 1, the normal liver shear modulus was set to be
around 1.96 kPa (equivalent to the SWS of 1.4m/s) [26]. The shear
modulus of the fatty tissues in Table 1 was similar to those of abdominal
fat [24]. The shear modulus value of fibrotic liver tissues was elevated
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to be around 400 kPa (equivalent to SWS of 20 m/s) [25]. Because, to
our knowledge, there is no mechanical testing data available for fibrotic
(collagenous) liver tissues at the spatial scale of 50-100 um, the micro-
packet of fibrotic tissues was chosen to be close to the shear modulus
values of arterial tissues.

2.2.3. Compositions of virtual fibrotic livers

The METAVIR scores clinically [28] classify the liver tissue into five
stages: FO — F4. FO denotes normal liver tissues, and F1—F4 represent
levels of liver fibrosis. Stages F1 and F2 were considered as the early
stages of liver fibrosis, and stages F3 and F4 were regarded as the late
stages of liver fibrosis.

The collagen proportionate area (CPA) ratios are typically reported
in conjunction with METAVIR classifications. Because detailed statis-
tical analyses of CPA ratios were not available, we assumed that the
CPA ratio follows a Gaussian distribution and subsequently derived its
mean and standard deviation based on available data [29,30] for each
fibrosis stage, as shown in Table 2.

The area fraction of each component and two-point correlation
length (CL) were calculated from all microscopic tissue distributions
(Fig. 3c). The CL of r represents a distance from which the probability of
finding two points in the same (material) phase separated by a distance
r drops to a stable but low plateau (e.g. 0.2). In the other words, the
two-point CL [31] is used to spatially characterize this multiphase
tissue model.

As shown in Table 3, in order to simulate one (METAVIR) fibrosis
stage, three different CPA ratios were first used. Then, simulation re-
sults were reweighted when the final simulation results were calcu-
lated. The weighting (Table 3) was to ensure that the weighted CPA
distribution under the fibrosis stage followed the assumed Gaussian
distribution as shown in Table 2. Hence, 9 different realizations were
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Fig. 3. An illustration of the process of model conversion: (a) the original model generated by SPARK, (b) a converted model by “decimation” from (a) and (c) a

discrete micro-structural model. In (c), the color bar represents SWS in m/s.
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Table 1 Table 4
A list of properties of the virtual liver tissues used in the K-WAVE simulations. Liver stiffness (Young's Modulus; Mean + one standard deviation) summarized
Normal Liver Tissue  Collagen Deposition  Fat from 6 published transient elastography (TE) studies (hereafter referred to
8 P Studies 1 to 6).
SWS (m/s) 14+01 20+ 1.5 0.8 + 0.04 Estimated Liver Stiffness (kPa) (METAVIR stage)
SOS (m/s) 1540 + 10 1800 + 10 1450 + 10
Mass Density (kg/m3) 1000 + 20 1300 + 30 1000 + 20 F1 (kPa) F2 (kPa) F3 (kPa) F4 (kPa)
(Patient No.) (Patient No.) (Patient No.) (Patient No.)
Table 2 Study 1 [49]  6.02+1.58 83+2.02 (17) 1252+3.0 (9)  22.41+7.55 (12)
Derived CPA values for 4 METAVIR stages (F1 to F4). (23)
Study 2 [50] 6.6+1.5 (82) 7.9+1.7 (82) 12.4+3.10 24.2+6.78 (28)
METAVIR stage  F1 F2 F3 F4 (23)
Study 3 [51] 6.6+2.6 (24) 7.4+3 (21) 11+7.6 (14) 17.2+12.1 (11)
Mean STD Mean STD Mean STD Mean STD Study 4 [52] 5.6+1.8 (46) 6.6+1.8 (18) 14.9+10.3 (9)  25.6+12.9 (46)
Study 5 [53] 4.5+1.3 (102) 6.6+1.1 (61) 8.9+0.9 (26) 15.1+7.8 (14)
CPA (%) 5 3 8 5 11 6 21 6 Study 6 [54] 5.8+1.8 (19) 11.3+6.8 11.8+6 (30) 23.4+16.5 (19)
(39)

Table 3

A list of simulation configurations used in K-WAVE simulations. The weights
listed were calculated so that the weighted CPA distribution of each fibrosis
stage followed its respective Gaussian distribution (Table 2).

METAVIR stage CPA (%) CL (mm) Realizations Total Data Points Weight
F1 2 0.6 3 6480 23%
4 0.9 3 6480 46%
7 0.9 3 6480 31%
F2 5 0.6 3 6480 33%
8 1.2 3 6480 38%
12 1.3 3 6480 29%
F3 6 0.6 3 6480 31%
11 1.3 3 6480 44%
17 1.4 3 6480 25%
F4 15 1.3 3 6480 27%
20 1.4 3 6480 47%
27 1.5 3 6480 26%

used for each simulated liver fibrosis stage. Especially, each realization
can generate 2160 data points of wave speed (i.e. SWS and SOS). Each
CPA can generate 6480 (2160 x 3) data points. Then, we randomly
select data points from each CPA based on weights shown in Table 3 to
generate the final data points. To show how the presence of liver
steatosis can affect the ultrasound measurements, moderate simulated
liver steatosis (i.e. a fat area fraction of 50% [20]) was simultaneously
simulated along with liver fibrosis following the signaling pathways
described in Fig. 2, if necessary.

2.3. Validations using available clinical data

Table 4 summarizes the liver stiffness values of four METAVIR
stages obtained from 6 peer-reviewed publications in which TE was
used; the number of patients associated with each METAVIR stage is
also provided in Table 4. Because of the raw SWS data were not
available, computer-synthesized SWS data derived from those six stu-
dies were generated as follows. Random SWS velocity data for each
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study were first generated by assuming that the SWS measurements in
each study followed a Gaussian distribution. Then, synthesized SWS
data from three studies were assembled such that the contribution of
each clinical study was proportional to the number of patients available
for the study. For instance, there were 5920 “computer-synthesized”
SWS measurements for F1; among them, 460, 1640, 480, 920, 2040 and
380 were from Studies 1 to 6, respectively. The clinical SOS data
(Table 5) were obtained from a study by Boozari et al. [23] Boozari
et al. used a commercial scanner (Zonare Medical Systems, Inc,
Mountain View, CA, USA) equipped with a curvilinear array transducer
(C5-2).

2.4. Parameters involving in systems biology simulations

The above-mentioned SB (SPARK) simulation consists of multiple
sequential steps. In each step, all chemical and biological agents (see
Fig. 2) are updated. Major parameters used in the above-mentioned SB
(SPARK) simulations are listed in Table 6 and those parameters can be
largely divided into two categories: (1) parameters related to the life
cycle and (2) parameters defining mobility. More specifically, the life
cycle was defined as the lifespan of chemical and biological agents and
its unit was the simulation step. The mobility of biological and chemical
agents was slightly different. The mobility of a biological agent denoted
a distance traveled by the agent between two adjacent simulation steps
and its unit was mm/step. The mobility of a chemical agent was a
surrogate of the diffusion rate. The rectilinear simulation domain was
conventionally divided into squares. When a square was completely
filled (100%) with a chemical agent A at the ith simulation step, the

Table 5
SOS measurements reported in fibrotic livers [23].
METAVIR stage FO—F3 F4
SOS (m/s) 1575+21 1594+18
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Table 6
A list of selected parameters used in the SB simulations.

Parameter (unit) Value In Simulation

CCL, Diffusion Rate (/step)
HMGB1 Diffusion Rate (/step)
TNF-a Diffusion Rate (/step)
TGF-f1 Diffusion Rate (/step)
Fat Diffusion Rate (/step)

Fat Inhibit Probability

50%
50%
50%
50%
50%
50%

Stellate Move Speed (mm/step) 0.1
Hepatocyte Move Speed (mm/step) 0.1
Macrophage Move Speed (mm/step) 0.1
Hepatocyte Life Cycle (step) 90

mobility (or the diffusion rate) of A was the percentage occupancy of
the agent A in the square's eight (8) immediate neighbors at the (i+1)®
simulation step.

Using the parameters listed in Table 6 as the input, the collagen and
lipid depositions were the output. The SPARK simulations stopped if an
area percentage of collagen and/or lipid depositions (Table 7) would be
reached. The sensitivity of the parameters listed in Table 6 can be found
in Appendix B (Supplemental Material).

2.5. Data analysis

A lateral time-to-peak (TTP) algorithm [32] was adopted to estimate
wave speeds (i.e. both SWS and SOS) along the respective wave pro-
pagation directions. The processing kernel length was 0.4 mm. To verify
the kernel length sensitivity for the simulated wave speed, our results
were reprocessed using a processing kernel length of 1.2 mm. We found
that the means of wave speed remained to be the same but the variances
were typically reduced by approximately 5%. Then, a direction filter
[33] was applied to the simulated wave data to remove some wave
interferences. Finally, the simulated shear/compressional wave speed
data can be obtained. More details regarding the calculation of wave
speed using simulated data can be found in our prior work [34].

3. Results

Fig. 5a (Case 1) shows that, with the increase of CPA, the estimated
SWS value increased. It is worth noting that, the estimated SWS also
increased with the increase of excitation frequency. This is due to the
elastic shear wave scattering as reported in our previous work [35]. As
shown in Fig. 5b (Case 2), the presence of steatosis reduced the group
SWS values in simulated fibrotic liver tissues. Particularly, SWS values
in the presence of significant (50%) steatosis did not differ significantly
for tissues with 11% and 20% CPAs, as shown in Fig. 5b. Thus, differ-
entiation of stages F3 and F4 would become more difficult.

When fibrotic livers were simulated using different CPA composi-
tions (Case 3; see Tables 3 and 7), simulated K-Wave results are dis-
played in Fig. 6. Similarly, in Fig. 6a, we found that the estimated SWS
values from K-Wave simulations increased with the advance of liver
fibrosis from F1—F4. Also, the SWS estimates from the simulated data
largely overlapped with data available in 6 peer-reviewed studies. In
Fig. 6b, the probability density functions (PDFs) of the virtual SWS
estimates are displayed together with PDFs generated from the

Table 7
A summary of simulation conditions.
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computer-synthesized clinical data (subsection 3 of the Materials Sec-
tion). Four PDFs of virtual SWS data were in good agreement with PDFs
of “computer-synthesized” clinical SWS data. The overlaps among the 4
pairs of PFDs all exceeded 90%. In Fig. 6¢, the estimated SOS values
also largely overlapped the range of the SOS values clinically measured.

4. Discussion

In this study, we proposed a systems biology-inspired approach di-
rectly linking the tissue microstructures, compositions, and archi-
tectures of fibrotic livers to related ultrasound measurements such as
SWS and SOS. Consequently, a significant contribution of this study was
to use the proposed virtual tissue model for ultrasound-based tissue
characterization. To our knowledge, this is the first biology-based dis-
crete model designed for ultrasound tissue characterization. Although
the virtual liver tissue model is simplistic, the preliminary results are
encouraging. Our results suggested that the results from the K-Wave
simulations were able to reproduce SWS and SOS measurements re-
ported in the literature (Fig. 6a—c). Furthermore, results shown in
Fig. 5b were consistent with a clinical study where SWE may fail to
detect fibrosis in significant steatosis background [36].

Another contribution stems from the fact that the proposed research
has expanded the paradigm of virtual imaging simulation [37,38].
Currently, virtual imaging simulations utilize computer-aided en-
gineering software (i.e. geometry modeling and numerical modeling of
image physics) to evaluate novel imaging methods without making a
physical/hardware prototype. By the inclusion of the systems biology, it
is possible that we can continuously simulate imaging of pathological
changes due to clinical interventions. In the future, applications could
include the investigation of the feasibility of monitoring of drug treat-
ment of liver fibrosis or chemotherapy of breast cancers.

The current setting of SW simulations is close to Transient
Elastography (TE) or Magnetic Resonance Elastography [1]. Acoustic
radiation force-induced SWE [1] has more complex SW wavefronts and
will induce (tissue) excitations with broader frequency components.
Our group is in the process of extending the proposed discrete liver
tissue model into an open-source elastography simulation platform
[38,39] to enable more realistic ultrasound elastography simulations. In
parallel, rigorous validations of the proposed discrete liver tissue model
using a pre-clinical animal model will enable us to tune rules related to
the systems biology simulations and conversions into mechanical
properties.

There are a few limitations that should be mentioned for the sake of
completeness. First, in our current K-Wave simulations [40], the wave
speed (both the shear and compressional waves) and mass density va-
lues were inputs to the (shear and compressional) wave equations.
Thus, both shear and compressional wave scattering is directly cap-
tured. In other words, echogenicity differences and wave energy losses
due to wave scattering have been implicitly considered. However, the
absorption is yet to be included and the inclusion of absorption coef-
ficients under the framework of the K-Wave package is still in progress.

Second, only three components (i.e. normal liver tissue, collagen
deposition, and fat) were included. However, some small structures
such as small vessels were neglected and this should be considered as a
limitation of this study. To our knowledge, this aspect has not been
investigated in the literature. Conceptually, the presence of small

Case No. Simulation Conditions

1 Fibrosis without steatosis at three different CPAs 11%, 20%, and 30%) at different excitation frequencies (100-400 Hz); CL and the number of data points can be seen
in Table 3.

2 Fibrosis with steatosis (50%) at three different CPAs (11%, 20%, and 30%) at different excitation frequencies (100-400 Hz); CL and the number of data points can be
seen in Table 3.

3 Fibrosis without steatosis at four different METAVIR stages. The excitation frequency is at the 100 Hz. Other relevant parameters are defined in Table 3.
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Fig. 5. In (a), plots showing mean SWS (m/s) as a function of the excitation frequency. The excitation frequencies (x-axis; 200-400 Hz) and the group SWS values (y-
axis) were fitted into lines. Slopes of these lines are displayed in (a) for each stage. SWS = shear wave speed; CPA = collagen proportionate area. In (b), roughly 50%
fatty lipid accumulation was simulated for F2 (11%) F3 (CPA of 20%) and F4 (CPA of 30%) stages. In (a) and (b), the error bar represents one standard deviation.
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Fig. 6. Plots comparing virtual simulation data with clinically measured data for Case 9: (a) SWS values, (b) PDFs of SWS distributions, and (c) SOS values. In (a) and

(c), the error bar represents one standard deviation.

vessels in the liver affects wave signals largely through additional wave
scattering and therefore the measurements of SOS and SWS. In a rat
model, approximately, 80% of vessels in the liver is between 10 and
20 um [41]. Given the size of those small vessels is significantly closer
to the compressional (sound) wavelength, the small vessels impact on
the SOS measurements would be greater. Furthermore, in the presence
of small vessels, a poroelastic material model [42] or an equivalent
viscoelastic model [43] would be more appropriate. The current study
used a linearly elastic model and thus, only captured the elastic wave
propagation in linearly elastic heterogeneous media.

Third, clinical reports found that liver stiffness increases with he-
patic inflammation [44,45], obstructive cholestasis [46] and hepatic
congestion [47,48]. However, the current study did not take liver in-
flammation and other physiological/pathological conditions into con-
sideration.

5. Conclusion

A systems biology-inspired discrete liver tissue model is proposed
and implemented using two open-source packages (SPARK and K-
Wave). We found that using the proposed discrete fibrotic liver tissue
model, simulated ultrasound measurements such as SWS and SOS were
comparable to those reported in the literature. Given the initial feasi-
bility, our future work includes further refinement of the proposed
tissue model. Particularly, we intend to include wave absorption and
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more small-scale structures such as microvasculature in the liver will be
the logical next step.
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