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ABSTRACT

In fatty liver diseases, such as liver fibrosis and liver cirrhosis, blood flow in hepatic sinusoids, an elementary building block of the liver
lobule, tends to bypass through collateral vessels inside sinusoids and presents distinct sinusoidal flows compared to normal physiological
flows. It remains unclear in those flow characteristics in branched sinusoids and the correlation of pathological flows with liver lesions,
mainly due to the difficulty of direct hemodynamics measurements in the sinusoids. Here, we developed a dual-branched theoretical model
of hepatic sinusoidal flow to elucidate the relevant flow dynamics and mass transport. Numerical simulations, based on the lattice
Boltzmann method, indicated that the flow velocity distribution in hepatic sinusoids is mainly dominated by endothelium permeability and
presents a non-monotonic variation with the permeability at the fusion segment of these branched sinusoids. Flow-induced shear stress on
the endothelium at the side of the Disse space exhibited a biphasic pattern, yielding a low shear stress region at the junctional site.
Meanwhile, a highly polarized distribution of lipoproteins concentration was also presented at the low shear stress region, indicating a local-
ized accumulation of typical hepatic serum proteins. Thus, this work provides the basic understanding of blood flow features and mass

transport regulations in branched hepatic sinusoids.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100911

INTRODUCTION

The liver is an important organ that plays a critical role in
protein synthesis and toxin metabolism, which is also susceptible
to various diseases.””” Experimental and numerical studies indicate
that liver lesions are usually accompanied by hemodynamic
changes, resulting in the abnormal blood flow characteristics in the
Disse space that is different from the normal physiological
environment,”™ especially in liver fibrosis and cirrhosis, as the
basic unit of hepatic blood flow, pathological hepatic sinusoids
undergo the structural remodeling,”'’ leading to remarkable varia-
tions of the hepatic sinusoids tortuosity and the formation of
bypass vessels, which yields irregular geometries of hepatic sinu-
soids with numerous branched structures.”' Those branched
structures can significantly alter the blood flow characteristics in

hepatic sinusoids. Therefore, the hepatic sinusoid blood flow is
closely related to the liver diseases and understanding the flow
characteristics in branched hepatic sinusoids is of great importance
to elaborate the hemodynamics changes in such diseases as liver
fibrosis and cirrhosis.

Except for other factors that affect hepatic lipid metabolisms,
such as alcoholic effects,"” thyroid hormones, "’ endoplasmic
reticulum (ER) stress,'™"” and insulin signaling,'® blood flow
characteristics are also related to the hepatic lipid metabolism,
especially to the accumulation of triglycerides (TGs) in hepato-
cytes, which is associated with the lipid metabolism.'” The
sources of intracellular TGs in hepatocytes are as follows: free
fatty acids (FFAs) released from adipose tissue to the peripheral
circulation are absorbed and esterified to produce TGs.'"® In
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glycolipid conversion, acetyl coA, the oxidation product of
glucose, is used as raw material to synthesize de novo fatty acids,
which are esterified to produce TGs. Under normal physiological
conditions, the esterification of peripheral circulating fatty acids
into TGs is predominated in hepatocytes. The uptake of FFA and
in turn the formation of TGs are related to the degree of effective
hepatic blood flow."” Impaired blood flow caused by increased
intrahepatic vascular resistance induces local tissue hypoxia,
which subsequently triggers several pathways that ultimately lead
to the progression of non-alcoholic fatty liver disease (NAFLD) to
non-alcoholic steatohepatitis (NASH) and its further hepatic and
extrahepatic complications as well as intrahepatic TG formation.”’
Therefore, hepatic sinusoidal blood flow characteristics are closely
related to both branched structures in hepatic diseases and
hepatic lipid metabolism.

Existing experimental techniques are able to visualize hepatic
sinusoid blood flow, but still with many limitations.””' For
example, Doppler ultrasound imaging,”>*” in vivo two-photon con-
focal imaging,”*** and transmission electron microscopy,” often
used to illustrate the hepatic flows and structures, cannot measure
parameters such as blood velocity and pressure difference in
hepatic sinusoids. Numerical simulations can serve as a prevalent
method for elucidating hepatic sinusoidal blood flow and mass
transport. For instance, hepatic sinusoidal blood flow is predicted
numerically by considering the effects of endothelial sieve pores
but not refined structures, such as the Disse space.”” Impacts of
blood flow on serum ammonia metabolism in hepatocytes are ana-
lyzed in a microchannel that does not contain a porous permeable
membrane.”® In addition, inflammatory response to Salmonella is
tested in hepatic sinusoids even without considering the contribu-
tion of blood flow.”” Nevertheless, the blood flow characteristics of
a hepatic sinusoid in the branched structure under the environment
of liver diseases and the effect of blood flow on hepatic sinusoid
mass transport are much less understood. Therefore, quantifying
the effects of these branched structures on the blood flow charac-
teristics and the blood flow characteristics effects on hepatic mass
transport are required.

Previously, we analyzed the flow dynamics in pathophysio-
logical liver lobules with branched vessels'' and also the blood
flow characteristics in a long straight sinusoid with varied endo-
thelial permeability.”’ Here, flow-induced shear stress and mass
transfer profiles for the bifurcated hepatic sinusoids were eluci-
dated using a typical dual-branched model. This issue initially
comes from the fact that the bypassed blood circuits are often
formed to maintain the required blood supply inside the fibrotic
or cirrhotic liver. The physical problem behind this pathophysio-
logical feature is how to elucidate the effects of this bifurcation
structure of the branched hepatic sinusoids on the flow dynamics
characteristics and mass transport features, as compared to those
of straight sinusoids. Therefore, it is crucial to understand the
hemodynamics in a bifurcated hepatic sinusoid on liver diseases.
In this work, a body of flow and transport parameters were
obtained numerically, including blood flow velocity in hepatic
sinusoids with a branched structure; flow-induced shear stress on
the endothelial surface; and effects of different endothelial perme-
abilities on fatty acid transportation, fatty acid and glyceride
metabolism, and low-density lipoprotein deposit in hepatic
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sinusoids. Additionally, we further analyzed those specialized
effects of the bifurcated structures on how hepatic sinusoidal
blood flow regulates physiological functions under complicated
pathological conditions.

MATERIALS AND METHODS

Governing equations for blood flow in a
dual-branched hepatic sinusoidal model

The Disse space is present between hepatocytes and endothe-
lium and filled with collagen matrices in the fibrotic liver. Collagen
deposits onto the hepatocyte surface and affects interstitial flow
together with the existence of hepatocyte villi. The endothelium
divides a hepatic sinusoid into three regions of sinusoidal cavity,
endothelial cell layer, and Disse space. A simplified model of a
dual-branched hepatic sinusoid was developed with two branched
inlets and outlets, as given geometries shown in Fig. 1(a). Here, the
blood flows in from the inlets of the two left branches, converges in
the middle segment, and then flows out from the outlets of the two
right branches.

A lattice Boltzmann method (LBM) was applied [Fig. 1(b)],
which is derived from microscale low-speed flows and suitable for
fluid-structure coupling calculations with multiple interfaces.”
Based on the original lattice Boltzmann equation, the effects of the
endothelium and hepatocyte microvillus and collagen layer on
blood flow were tested by introducing two additional force terms of
P; and R; into the governing equation. The governing equations are
expressed in dimensionless lattice units, as follows:*’

g (x+Vilt, t + At) — gi(x, t) = —[gi(x, ) —g(x, )]/t + At - P;
TACR (i=0,1,2,3, ...,8),
1)

where g; is the distribution function for a particle with velocity v; at
position x at time #; v; is the distribution function of the migration
distance along the ith direction per unit time, i.e., the migration
velocity; g9 is the equilibrium distribution function; and At is the
time increment. 7 is the dimensionless relaxation time associated
with blood viscosity. Two external force terms, P; and R;, were
introduced to account for the extra effects of the endothelial layer
and the hepatic villi and collagen layer (HMVCL) on the flow,
respectively.”’ The endothelial layer was assumed to be a porous
media layer and the flow in the layer satisfies Darcy’s law. The
hepatic villi and collagen layer (HMVCL) were assumed as porous
media layers with uniform thickness to unify the effects of surface
roughness on the flow. The descriptions of the two external force
terms can be referred in the previous publication.”” Of note, the
continuity of pressure and velocity was also satisfied on the inter-
faces between endothelial layer and sinusoid cavity and the inter-
faces between HMVCL and the Disse space. Those two external
source terms were assumed to be zero outside the regions of the
endothelium and HMVCL.

After obtaining the distribution function g (x, f) from Eq. (1),
we can determine those physical quantities, density p, velocity u,
and pressure p, of the blood flow. The corresponding calculating
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FIG. 1. (a) Schematic model of a dual-branched hepatic sinusoid (unit: xm).
(c) Schematic of hepatocytes metabolism of free fatty acids (FFAs) to produce tri
outside the hepatocytes.

equations are the same as Eqgs. (14a)-(14c) with identical simulat-
ing algorithms of LBM introduced in Ref. 30.

Governing equations for mass transport in a
dual-branched sinusoidal model

Lipid deposition is a key biochemical event in initiating and
aggravating fatty liver diseases, which is also associated with flow
dynamics inside the sinusoidal cavity and the Disse space. To
mimic this flow-accompanied mass transport, the process for FFAs
intake and TG production was simplified as FFA consumption and
VLDL/TG production, as shown in Fig. 1(c). The LBM was again
applied to calculate their convection and diffusion of FFA and
VLDL. The LBM method is used to solve the equations, mainly
considering the micro-flow characteristics on the low Rayleigh
number at the micro-scale, which is more accurate when the scale
is within the range of 0.1-1um’ as compared to those from the
Finite-difference method. Furthermore, the low Reynolds number
caused by the small sizes of sinusoidal lumen and space of Disse is
also critical in deciphering the related fluid field experimentally.
Thus, this work established a liver sinusoidal model using the LBM
method, attempting to numerically explore the blood flow

(b) A numerical D2Q9 model based on the lattice Boltzmann numerical method.
glycerides (TGs) and convert TGs to very low-density lipoprotein (VLDL) for transport

characteristics of low Reynolds number and micro-sized liver sinu-
soids. The governing equations are as follows:

& (x+ViAL tHAL) — g,(x, 1) = —[g,(x, 1) — 2%, )/TEra
+ Ata)iSFpA (l =0,1,2,3, ..., 8),
(2)
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g (X +ViAt, t + Af) — gi(x, 1) = —[gi(x, ) — g1 (x, ]/TvipL
+ Atw;Syrpy (i=0,1,2,3, ...,8),
(3)

g t) = 0;,C(1+v;-w/c?) (i=0,1,2,3, ..., 8), 4)

where o is the weight coefficient with the values of w ¢=4/9, w;=1/9
(i=1-4), w;=1/36 (i =5-8); x represents the node position of flow
field, 7 is the dimensionless relaxation time, which is related to the
diffusion coefficient, u is the flow fluid velocity, and ¢ is the speed
of sound. For a D2Q9 model, the migration velocity can be referred
to in the literature.”” The last term in Egs. (2) and (3) denotes an
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exogenous term in the convection-diffusion equation. The sub-
scripts FFA and VLDL stand for free fatty acids and very low-
density lipoprotein (VLDL), respectively. In this work, the mass
transport is only assumed to satisfy the convective-diffusion equa-
tion. The reaction source terms Atw;Spp4 and Atw;Sy;p; in the con-
vection-diffusion equations (2) and (3) represent, respectively, the
metabolic consumption of sinusoidal free fatty acids and the con-
version of intracellular fatty acids into lipoproteins by hepatocytes.
The convective-diffusion equations used in the calculation of free
fatty acids and lipoproteins are the same except for their different
reaction source terms.

The relationships between mass concentrations, diffusion coef-
ficients, and physical quantities are termed as follows:

Dgpa = € (zpra — 0.5)At, (5)
DyipL = ¢ (zyipL — 0.5)At, (6)
Cx )= gx1) @)
Clx 1) - ulx 1) = Y gilx, v, (8)
Sera = keeaCrra(x, 1), )

Svipr = kvipv Crra(x, 1), (10)
where C is the mass concentration, Dgp4 and Dy p; denote the dif-
fusion coefficients of respective FFAs and VLDLs, and u is the flow
field velocity, which is derived from the stable solution of the flow
velocity in the above flow field calculation and then directly input
here. kppaCrra in Eq. (9) is an exogenous term for FFA consump-
tion, in which kg4 represents the reaction rate and yields a
non-zero constant on the hepatocytes wall but zero in other
regions of the sinusoid. kyzprCrra in Eq. (10) serves as an exoge-
nous term for VLDL production, in which ky;p; represents the
VLDL reaction rate with a non-zero value on the hepatocytes wall
but with zero value in other regions under similar FFA concentra-
tion Cpp,, suggesting that, when the concentration of fatty acids
Crra is zero, this item is zero and, thus, no TG and VLDL is pro-
duced. FFA and VLDL concentration distributions were obtained

ARTICLE scitation.org/journal/bmf

Numerical calculations for flow field and mass
transport

The configuration and geometry of the calculating model are
shown in Fig. 1(a). The size of the actual computational domain is
12.0 x 80.0 um®, corresponding to a total of 120x 800 grids in
numerical calculation. No slip boundary condition is assumed on
the hepatocyte surface. The inlet flow rate is set to be
8.14x 10> mlmin~", with an inlet Reynolds number (Re) of
0.0012. The outlet is free to flow out, with the velocity settings as
that y-velocity is zero and x-velocity adopts the mass-modified
outlet boundary condition to ensure flow conservation. The plasma
is assumed to be an incompressible Newtonian fluid with a viscos-
ity of 1.2 cp and a density of 1000 kgm™. A dimensionless relaxa-
tion time At/7 was used in LBM equations and our programming
codes, and the relaxation time in LBM is related to the value of
fluid viscosity coefficient up. The computational stability and accu-
racy of the model used in this work have been validated in our pre-
vious work’® and other studies.” The permeability coefficient, k, of
the endothelial layer is ranged at 107" m*-~10™"> m.”” The hydrau-
lic resistivity of the macromolecular layer adjacent to the endothe-
lium is assigned to be a value of ~10® dyns cm™ in the literature,”’
from which the endothelial permeability coefficient is estimated to
be approximately 107'*m? Thus, the permeability coefficient of
the hepatic microvilli and collagen layer, k, is set on a scale
between 107'® and 107'*m> The higher the permeability coeffi-
cient, the greater is the porosity of the hepatocyte villi and collagen
layer, indicating relatively sparse collagen filling. All calculated
parameters were summarized in Table 1. The convergence criterion
for the steady state of the flow was given for the relative error of
velocity of less than 107" Total 1.0 x 10*-2.0 x 10* time steps
were set for calculating blood flow, yielding a physical duration of
1-3h when the calculation time step is 1.67 x 10™®s. By selecting
different grid number sets of 60 x 400, 120 x 800, and 180 x 1200,
it was found that this 120 x800 set evidently meets both the
requirements of computational accuracy and efficiency (data not
shown).

The boundary conditions for mass transport calculation are
set as follows: FFA concentrations at sinusoidal inlet and outlet are
Crra = Co and OCppa/0x = 0, respectively. Inlet and outlet TG con-
centrations are set as periodic boundary conditions. The diffusion
coefficients and parameters of FFA and VLDL are summarized in
Table II. The codes were programmed using Fortran language. The
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by solving Egs. (2) and (3). computational accuracy and reliability were verified by Poiseuille 2
pressure-driven flow, resulting in an error within 1% between ana- -g

TABLE I. Relevant parameters used in the calculation. lytical solution and numerical estimation.

Parameter Values

Density p 1000 kg m—3 TABLE II. Parameters of convection—diffusion calculation.

Kinematic viscosity u 1.2¢cp” Parameter Values

Re 0.0012

Dimensionless relaxation time 7 1.1 Inlet concentration C, 6.0x 10" mol m™

Permeability coefficient of endothelial 1071-107" m? FFA diffusion coefficient Dppy 2.0x 107 m? g1

layer k (estimated by Ref. 33) VLDL diffusion coefficient Dy; py. 2.0 x 1071 m? g2

Permeability coefficient of hepatic villi 1071107 m? FFA metabolic rate kpp, 3.0x10%s7!

and collagen layer k, (estimated by Ref. 32) VLDL production rate ky;py 3.0x10%s™!
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RESULTS
Flow velocity profiles inside sinusoidal cavity

We first tested the effect of different endothelial permeability
on the flow velocity in a branched sinusoid. A typical velocity dis-
tribution of sinusoidal flow at an endodermal permeability coeffi-
cient of 107'm? is shown in Fig. 2(a) and the flow velocity
profiles at the middle cross section of the confluence segment are
illustrated in Fig. 2(b). Results indicated that maximum velocity in
the sinusoidal cavity decreases and maximum velocity in Disse
space increases with increasing endothelial permeability when the
endothelial permeability k > 10™"° m”. In contrast, maximum veloc-
ity in sinusoidal cavity decreases and maximum velocity in Disse
space increases with decreasing permeability when k<107"° m?,
presenting a non-monotonic transition of flow velocity at the con-
fluence sinusoid with endothelial permeability. Compared with
those in a straight sinusoid (solid lines; also referring the litera-
ture™), the flow velocity was higher when k < 107> m? but not sig-
nificantly different when k>10"""m?® in a branched sinusoid
(dotted lines).

To elucidate the underlying regulations of this non-monotonic
transition manner, the confluence segment of the sinusoidal cavity
was zoomed in and segregated into the three sections of the
branching subsection (Q;), the inner Disse space subsection 1 (Q,),
and the outer Disse space subsection 2 (Qs) [Fig. 2(c)]. Evidently,
the smaller the endothelial permeability coefficient, the greater the
flow in Q, and the less the flow in Q,. Decrease in the flows inside
the two Disse space subsections exceeds the flow increase in the
branching subsection when k<107 m?’ thus resulting in a
decrease in the flow rate in the sinusoidal cavity. In the branching
segment that is featured as the bifurcation fusion (point no. 8) and
the re-bifurcation (point no. 9) [Fig. 1(a)], the flow velocity in the
sinusoidal cavity in Q; decreases or in the Disse space in Q;
increases, with increasing endothelial cells permeability (dotted
circles) [Figs. 2(d) and 2(e)]. These results are consistent with the
above non-monotonic transition manner for flow velocity with
endothelial permeability after the branches are converged. In a
single-straight sinusoid, however, the flow in the sinusoidal cavity
does not contain Qs, and the velocity only shows a monotonic tran-
sition with the endothelial permeability.”’ In addition, the flow
velocity at the outlet re-bifurcation in the Disse space is slightly
higher than that at the inlet bifurcation fusion (dotted circles) [Figs.
2(d) and 2(e)], presumably due to the outflow in the Disse space at
the bifurcation fusion and the inflow in the Disse space at the
re-bifurcation.

The average flow velocity at different cross sections of Disse
space was further compared [Fig. 2(f)]. The blood flow velocity
near the inner side of the branch segment (points no. 1 and no. 7)
is much smaller than that near the outer side (points no. 2 and no.
6). In contrast, much smaller differences in flow velocity exist
between these cross sections in the middle confluence segment
(points no. 3, no. 4, and no. 5). Additionally, the velocity gradually
decreases in the branch segment and gradually increases in the
confluence segment when the endothelial permeability increases.
Collectively, the flow velocity profile demonstrates a different tran-
sition pattern in a dual-branched sinusoid from a single-straight
sinusoid, mainly due to the effects of the branched configuration,
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that is, a non-monotonic transition for the former and a mono-
tonic transition for the latter in the sinusoidal cavity with varied
endothelial permeability.

Shear stress profiles on hepatocytes and endothelium
surface

Vast amount of collagen is deposited into Disse space during
liver fibrosis or cirrhosis. When these collagen substances attach to
the surface of hepatocytes, they form a rough wall layer together
with hepatic microvilli, which affects the flow-induced shear stress
in the Disse space. Here, we further tested the effects of the endo-
thelial layer, hepatic microvilli, and collagen layer on shear stress
exerted on the endothelial surface. Concerning the upper and lower
surfaces of endothelial cells at the middle cross section of the con-
fluence segment in the branched sinusoid (x=40um), the shear
stress presents a biphasic pattern on the lower surface (facing to
Disse space) [Figs. 3(b) and 3(d)] but not this visible transition on
the upper surface (facing to the sinusoidal cavity) [Figs. 3(a) and
3(c)] with varied endothelial thicknesses and permeability coeffi-
cients. This transition pattern of shear stress is consistent with that
for a single-straight sinusoid.”’ In addition, the shear stress is sig-
nificantly different when varying endothelial and microvilli thick-
nesses showed in Figs. 3(a)-3(d). It shows a non-monotonic
transition with varied endothelial permeability, that is, decreasing
with increasing endothelial permeability when k>107">m? but
increasing with increasing endothelial permeability ~when
k< 107" m? [Figs. 3(a)-3(d)], corresponding to the non-
monotonic transition in flow velocity with endothelial permeability
(Fig. 2), which is related to the velocity gradient. In contrast, the
shear stress in the single-straight sinusoid varies monotonously
with the endothelial permeability.”

In contrast to the single-straight sinusoid, the distribution of
shear stress in the dual-branched sinusoid is not uniform, with
evident regions of low shear stress at the branches. Concerning
those endothelial cells located at the inner side of the branches in
the range of x = 67.0-77.0 um, the shear stress on the upper surface
of endothelial cells is the smallest and close to zero at the branching
intersection point, i.e., x=67.0 um, and is increased as x increases,
away from the branching region [Figs. 3(e)-3(j)]. This indicates a
low shear stress region existing near the branches, which is mainly
distributed in the core cavity and at the branching intersection
[Fig. 3(k)]. Shear stress exerted on the endothelium becomes
smaller in the gentler distribution when the endothelial permeabil-
ity coefficient is increased but is higher in the more uneven distri-
bution when the permeability coefficient is decreased. This implies
that, when the endothelial permeability decreases, the endothelial
cells are subjected to higher shear stress with a sharp increase at
the inflection point of the flow. Together, the shear stress in the
dual-branched sinusoid also demonstrates a biphasic pattern com-
pared with the single-straight sinusoid. Meanwhile, the stress pre-
sents a non-monotonic transition with an obvious region of low
shear stress at the branching intersection.

FFA and vLDL transport

FFAs are usually forced to flow into the left entrance of the
dual-branched sinusoid and subsequently consumed by hepatocytes
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FIG. 2. (a) Flow velocity distribution in a branched sinusoid model at endothelial cell permeability of 2.5 x 10~"® m2. (b) Comparison between a dual-branched sinusoid
and a single-straight sinusoid on flow velocity profile at middle cross section indicated as a dotted line of section no. 4 in (a). (c) Enlarged flow velocity distribution in
hepatic sinusoid branched model as depicted in a dotted box in (a). (d) and (e) Profiles of flow velocity at x = 11.5 um (bifurcation fusion section no. 8) (d) or x=68.5 um
(re-bifurcation section no. 9) (e). (f) Average velocity in Disse space at different cross section positions indicated in Fig. 1(a). no. 1, no. 2: x=9.0 um; no. 3: x =25.0 um;

no. 4: x=40.0 um; no. 5: x=55.0 um; and no. 6, no. 7: x=71.0 um.

at given reaction rates after entering Disse space through the endo-
thelium. Figures 4(a)-4(d) show that the difference in FFA concen-
tration with varied endothelial permeabilities is significant only at
the entrance or exit branch but insignificant at those middle cross

sections. Here, we calculate the differences in FFA concentration
between different permeability coefficients and those of
2.5x107'* m*/s. For a double-branched sinusoid with the perme-
ability coefficient decreasing from 2.5x 107" to 107'*m?/s, the
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FIG. 3. (a)~(d) Shear stress profiles at the side of Disse space [(a) and (c)] or sinusoidal cavity [(b) and (d)] on endothelium under varied hepatic microvillus thicknesses
[(a) and (b)] or endothelium thickness [(c) and (d)]. Red or black lines were added in a or ¢ to visualize their trends explicitly. (€)—(j) Distribution of flow-induced shear stress
along the intersection of endothelial branches, when the thickness of hepatic microvillus was set to be 0.0 (e), 0.4 (f), or 0.8 um (g), or when the thickness of endothelium
was set to be 05 (h), 1.0 (i), or 1.5m (j). (k) Shear stress profile at permeability coefficient of endothelial cells of 2.5 x 10~® m?,
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maximum and averaged FFA concentration difference yield 46.15%
and 35.90%, respectively, at the entrance, while they read respective
62.96% and 55.06% at the exit or only 2.55% and 1.66% in the
middle segment. It can be seen that highly concentrated FFAs are
diffused into the Disse space when the endothelium becomes more
permeable [Figs. 4(a)-4(d)]. These results indicated that changes in
endothelial permeability can affect FFA metabolism in hepatocytes
at the branches. Furthermore, the distribution of FFA concentration
is similar to that of flow velocity. At each of the two bifurcation
fusion cross sections, FFA concentration presents an approximately
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bimodal curve along y axis distance [Figs. 4(e) and 4(f)], whereas
the profile is likely parabolic at the middle cross section [Fig. 4(g)].
In contrast to the flow velocity profile, however, the FFA profile
tends to be concave-distributed, presumably due to the outcomes
from FFA chemical reactions with their enzymes. Moreover, shear-
forced diffusion is able to enlarge these polarizations, as compared
to that from free diffusion. In a single-straight sinusoid, more FFAs
are able to diffuse into the Disse space based on FFA reaction-dif-
fusion when the endothelium is more permeable [Figs. 4(h)-4(k)],
consistent with those in a dual-branched sinusoid. By contrast,
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these maximum and average difference values of FFA concentration
are 27.49% and 14.81% in the single-straight sinusoid model. It is
worth noting that the average difference between the two models in
the middle segment is 56.51%, presenting a considerable difference.

Distribution of the lipoprotein concentration is also calculated
in the dual-branched sinusoid after hepatocyte-generated VLDL
(Fig. 5). VLDL concentration at the cross sections of the two
branches is significantly different with varied endothelial perme-
ability coefficients [Figs. 5(a)-5(d)]. When the endothelial perme-
ability is low, a high VLDL concentration is presented in the Disse
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space at the branch, where the lipoprotein concentration distribu-
tion is evidently polarized [Figs. 5(e) and 5(f)]. This negative corre-
lation between endothelial permeability and VLDL concentration
further reduces endothelial permeability, which in turn aggravates
lipoprotein polarization. Again, the distribution of lipoprotein con-
centration is different from that of the flow velocity. Lipoprotein
polarization in this confluence segment is obvious, and the VLDL
distribution profile exhibits a single peak curve [Figs. 5(¢) and 5(f)],
whereas the flow velocity is low and exhibits double-peaked curve
at this segment [Figs. 2(d) and 2(e)]. Furthermore, VLDL
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FIG. 5. (a)-(d) VLDL concentration distribution in a dual-branched sinusoid at permeability coefficient of endothelial layer of 107" (a), 10~ (b), 107" (c), or 10~ m?
(d). (e) and (f) VLDL concentration profiles at x=11 (), 69 (f), or 40 um (g) when ky.p, =3.0x 10®s~". Dotted lines in g denoted VLDL concentration distribution curve
at the middle cross section of the single-channel sinusoid. (h-k) VLDL concentration distribution in a single-straight sinusoid at permeability coefficient of the endothelial

layer of 10" (h), 107" (i), 10" (j), or 107" m? (k).
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FIG. 6. Comparisons between experimental data® and numerical simulations of blood flow velocity in hepatic sinusoid.

concentration distribution was compared between a dual-branched
sinusoid and a single-straight sinusoid. In a single-straight sinusoid,
the more permeable the endothelium the higher is the VLDL con-
centration in the sinusoidal cavity based on lipoprotein reaction-
diffusion [Figs. 5(h)-5(k)], suggesting that decreasing endothelial
permeability increases lipoproteins deposition in the Disse space.
Collectively, these results in a single-straight sinusoid are consistent
with those for FFA metabolism and lipoprotein deposition at the
confluence of a dual-branched sinusoid. Specifically at the branch
intersection in a dual-branched sinusoid, the polarized lipoprotein
concentration distribution is more prominent when the branches
are present.

Furthermore, the flow velocity distribution in a dual-branched
hepatic sinusoid is evidently different from that in a single-channel
hepatic sinusoid. Due to the influence of the bifurcated structure and
the existence of the space of Disse, the velocity in the lumen of a
dual-branched sinusoid yields a non-monotonic variation with the
endothelial permeability coefficient. This non-monotonic variation
of the velocity in the two branches is meaningful to predict hemody-
namic alterations in the abnormal liver sinusoids, which is even
more complicated and hard to quantify in vivo. Future works will
focus on comparing the flow features in the straight and branched
sinusoids experimentally and numerically in either healthy or
fibrotic/cirrhotic livers, in which numerical simulations can provide
the bases of mechanistic analysis and data quantification.

Comparison with experimental observations

These numerical simulations were further compared with the
experimental measurements of hepatic sinusoidal flow velocity.
Hepatic sinusoid blood flow velocity was measured previously in
mice with different tube diameters,” yielding the value of
320ums™" at a typical 10 um diameter. Assuming the plasma vis-
cosity of 1.2 cp and the Reynolds number is 2.7 x 107>, the experi-
mental readouts at 7 and 6 um-diameter could be related to those

mice under different degrees of fatty liver. Measured data showed
that the blood flow velocity also decreased when the tube diameter
decreased. Using the fluorescent dye of hepatic sinusoids to observe
the obvious overflow, it was indicated that the permeability of
hepatic sinusoids increased at this time. The hepatic sinusoid veloc-
ity under varied tube diameters and endothelial permeabilities was
also calculated using those parameters in Ref. 25, as seen in Fig. 6,
where the endothelial permeability was assumed to range from
107" to 107" m?. Here, the blood flow velocity increased first and
then decreased with the increased endothelial permeability at 7 and
6 um-diameter cases. In particular, when the permeability was
greater than 107'° m?, the blood flow velocity increased signifi-
cantly. Whereas the permeability coefficient is sufficiently small
(<107"), the change of the blood flow from the space of Disse into
the sinusoidal lumen with the permeability coefficient is evident.
When the permeability coefficient increases, the flow into the
sinusoidal lumen is less varied due to the high permeability at this
time. Furthermore, as the diameter was reduced to 6 um, which is
quite small, the velocity changed slightly with the endothelial per-
meability. In other words, the blood flow velocity decreases with
the decrease of tube diameter, and the blood flow velocity increases
with the increase of the permeability in fatty liver mice. These sim-
ulations are consistent with the experimental measurements, and
the comparisons between numerical calculations and measured
data, specifically for average blood flow velocity in the sinusoidal
lumen, yielded a minimum error of 2.2% (10 um) and a maximum
error of less than 37% (6 um). The errors were presumably attrib-
uted to the parameter sensitivity, which could not be quantified
directly by the experimental approach yet. The results validated the
rationality and accuracy of the proposed model.

DISCUSSION

This work aimed at clarifying the differential flow dynamics and
mass transportation between a dual-branched and a single-straight
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liver sinusoid. Results indicated that the flow velocity of single-
channel hepatic sinusoids increased with the increase of the perme-
ability coefficient of the endothelial cell layer, showing a monotonic
transition. While the flow velocity of the dual-branched hepatic sinu-
soids showed a non-monotonic transition with the permeability of
the endothelial cell layer due to the influence of bifurcation structure.
Meanwhile, regardless of the single-channel model or the dual-branch
model, flow-induced shear stress on the endothelium at the side of
the Disse space exhibited a biphasic pattern, that is, when the perme-
ability coefficient of the endothelium is large or small, the flow-
induced shear stress has an opposite change with reduced or
enhanced value with the increase of the thickness of the endothelium.
This biphasic pattern is likely caused by the small size of the Disse
space and the permeability of endothelium, and the bifurcation struc-
ture has no effect on the biphasic pattern. Evidently, the effect of
endothelial permeability on the flow-induced shear stress in the
single-channel model is different from those in the dual-branched
model. Our previous work™ showed that the shear stress of single-
channel decreased with the decrease of endothelial permeability when
the thickness of the endothelial cell layer was constant. However,
when the thickness of the endothelial cell layer remained unchanged
in the dual-branched model, the shear stress first decreased and then
increased with the decrease of endothelial permeability, which was
related to the non-monotonic transition of blood flow velocity in the
dual-branched model. It should be noted that the hepatic sinusoid
model in this work yields a branched structure. As the blood flows
through this branched region of the hepatic sinusoid, it experiences
abrupt changes in geometry, which may highlight the non-Newtonian
fluid effects of the blood.

In this work, the substance concentration distributions under
varied endothelial permeability coefficient and substance diffusion
coefficient are also different. For example, when the endothelial
permeability coefficients decrease from 107" to 107'°m2 at the
intersection position in a dual-branched sinusoidal model, the FFA
and VLDL concentrations are increased by 13.9% and 21.0%,
respectively. However, when the endothelial permeability coefficient
is decreased from 107"* to 107'°m2 in a single-straight sinusoid,
the VLDL concentration is decreased by 51.1% (at the position of
x=40um, y=7um) and the FFA concentration is decreased only
0.9% at the same position. That is, these variations may depend on
those permeability and diffusion coefficients. Future validation is
required using robust experimental data.

Flow-accompanied mass transport is also crucial in the pro-
gress of liver fibrosis and cirrhosis. Thus, the similarities and differ-
ences of FFA and VLDL material transport in single-channel and
dual-branch models were further tested. Figure 4(g) showed the
comparisons of fatty acid concentration distributions in the middle
segment of the dual-branched model and the single-channel
model. Results showed that, regardless of the single-channel or
dual-branched model, the concentration of fatty acid in the lumen
of the blood sinusoid was higher. As seen in Fig. 5(g), the distribu-
tion of lipoprotein concentration in the middle segment in the
dual-branched model was significantly different from that in the
single-channel hepatic sinus model. The lipoprotein concentration
in the upper and lower sides of the single channel was higher than
that in the sinusoid of the dual-branched model, mainly because
the concentration of lipids entering the Disse space in the single

ARTICLE scitation.org/journal/bmf

channel is higher than in the dual-branched model and more lipo-
proteins are formed in the Disse space. In addition, lipoprotein
concentration in the confluence segment of the dual-branched
model came from the Disse space at the junction of branches and
was even higher in the Disse space, thus promoting the increase of
lipoprotein concentration in the sinusoid. In conclusion, the
branched structure of hepatic sinusoids can also cause the differ-
ence in the distributions of biochemical materials concentration in
hepatic sinusoids.

In addition, the process of liver cells metabolizing blood
ammonia into urea has also been simulated in a single channel by
assuming that blood ammonia flows in from the left side and flows
out from the right side.”” At the bottom of the channel is the layer
of liver cells, which metabolize the blood ammonia flowing through
the channel into urea. After the metabolism of liver cells, the distri-
bution of serum ammonia concentration in a single channel is
characterized as follows: altering from low to high concentration
from the bottom to the top side and from high to low concentra-
tion approximately linearly from the left and right side. Thus, the
FFA concentration distribution in this work is similar to their sim-
ulations,”” in the way that it changes linearly from high to low con-
centration along the length of the passage from the left to the right
side. In that work, blood ammonia flows in from the left inlet, and
its concentration gradually decreases at the outlet due to the con-
tinuous metabolic consumption of hepatocytes, which is consistent
with the simulations in this work [Figs. 4(h)-4(k)]. Different from
the simulation results in this literature,”” our simulations for FFA
concentration alter from low to high and then to low concentration
again, presumably due to the existence of the top layer of liver cells
in our model, resulting in the concentration decrease from bottom
to the top side followed by the concentration increase. Future liver
chip-based tests are required to validate these predictions.

CONCLUSIONS

When the liver is in a pathological state, such as fatty liver or
liver fibrosis or cirrhosis, the hemodynamics of hepatic sinusoids is
different from that of the normal liver due to the deposition of
lipid, collagen, and other substances, as well as due to the capillary
vascularization of endothelial cells. These pathophysiological out-
comes of hepatic sinusoids are quite complicated, thus rendering
the difficulty to obtain blood flow details using direct experimental
measurements. Therefore, the LBM was used here to establish the
dual-branch hepatic sinusoidal blood flow model, and the effects of
endothelial permeability, endothelium thickness, hepatic microvil-
lus, and collagen layer on the flow velocity and cell surface blood
shear stress were discussed. Results show that the flow velocity
in the sinusoidal cavity with confluent branches demonstrates a
non-monotonic change with endothelial permeability. This non-
monotonic variation of the velocity in the two branches is mean-
ingful to predict hemodynamic alterations in the abnormal liver
sinusoids, which is even more complicated and hard to quantify
in vivo. The shear stress of blood flow in the Disse space of endo-
thelial cells had a biphasic pattern due to the influence of micro-
flow. The flow velocity distribution in a double-branched hepatic
sinusoid is evidently different from that in a single-channel hepatic
sinusoid. Meanwhile, a highly polarized distribution of lipoproteins
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concentration was also observed at the low shear stress region, indi-
cating a localized accumulation of typical hepatic serum proteins.
Finally, the experimental and numerical results of intrahepatic flow
velocity in mice with fatty liver were compared, in accordance with
that the diameter of hepatic sinusoids decreased, the flow velocity
decreased, and the tortuosity and permeability of hepatic sinusoids
increased in mice with fatty liver. Thus, our simulations furthered
the understanding in the relationship between the changes in blood
flow in hepatic sinusoids and the related liver lesions. Future works
will focus on comparing the flow features in straight and branched
sinusoids experimentally and numerically in either healthy or
fibrotic/cirrhotic livers, in which numerical simulations can provide
the bases of mechanistic analysis and data quantification.
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