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Article

The Computed Sinusoid
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2 UiT The Arctic University of Norway, Tromseg Norway
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Abstract: The hepatic sinusoids are lined by thin endothelium containing transcellular pores dubbed fenestra.
These fenestrations are completely open channels connecting the sinusoidal lumen to the underlying Space of
Disse (SoD) and the hepatocytes of the liver parenchyma. The fenestrations are in the size range 0.05-0.35um
in diameter and cover between 5-15% of the sinusoidal endothelial surface area depending on their location
along the sinusoids. Motivation/Research Question: So far, the narrowness of the sinusoids prevented the direct
measurement of hemodynamic features such as sinusoidal pressure and flow velocity. A better understanding
of these parameters might help in better understanding the physiology of the hepatic niche and possible
implications in liver diseases. Few simulations of liver blood flow focus on the level of the individual sinusoid,
fewer still include the transcellular pores (fenestrations) of the sinusoidal endothelium, and none have included
i) a porosity gradient along the sinusoid wall modelled with through-all pores rather than a porus medium, ii)
the presence of the Space of Disse, iii) lymphatic drainage. Model: Computed fluid dynamic (CFD) simulations
performed using a numerical model with relevant anatomical characteristics (length, diameter, porous size and
porosity). Boundary conditions included physiological/pathological values of inlet/outlet pressure and
lymphatic outflow from the portal region of the SoD. Results: The pressure and flow velocity of the sinusoidal
lumen was entirely dependent on the shape, i.e. constant versus divergent radius and not dependent on
porosity in the sinusoidal wall. The velocity through the space of Disse (SoD) was affected by the addition of
lymphatic drainage and increases in porosity in the pericentral area of the model. Variations in porosity also
affected flow velocity through the fenestrations. Conclusions: The flow velocity in the SoD was modified by
differences in porosity, while the flow velocity in the lumen of the sinusoids was unaffected, even by the
absence of fenestrations. The overall shape of the vessel is the singular most important factor in the pressure
flow behavior of the sinusoidal lumen. The flow rate over the hepatocytes is the flow rate through the SoD, and
is modestly affected by the distribution of porosity along the sinusoid, and by the addition of a lymphatic
drainage, this parameter would be of interest for modelling blood exchange with the hepatic parenchyma,
especially if accounting for zonation.

Keywords: liver sinusoid; fenestrations; fenestrae; liver haemodynamic; CFD; liver fluid dynamic model;
computational liver model

1. Introduction:
Aim

To determine an approximation of the hemodynamics in liver sinusoid using a numerical model
with relevant anatomical features (variable lumen section, variable porosity, presence of the space of
Disse, presence of lymphatic drainage) and varying pressure.

The Hepatic sinusoid

In liver lobules, blood enters the sinusoids from the portal triad (PT) and flows towards the
central vein (CV). Sinusoids are approximately 275 um long and 5-15 um wide (Ehrlich et al,,
2019),(Cogger et al., 2020). Particularly, the periportal zone (zone 1) of the sinusoid has lumen with
narrower diameter with respect to the perivenous zone (zone 3) while intermediate width
characterizes the zone in between(zone 2) (Wake et al., 1988), (MacPhee et al., 1995), (Komatsu et al.,
1990)).

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1.1: Schematic of the liver sinusoid: Liver sinusoid endothelial cells (LSECs) form the highly
specialized and fenestrated endothelium of the sinusoids. Resident macrophages (Kupffer cells - KCs)
populate the sinusoidal lumen while hepatic stellate cells can be found within the space of Disse
(SoD), an approximately 1um thick region with sparse extracellular matrix (grey bundles-
proteoglycans and collagen type III) that separates the LSECs from the hepatocytes (hep). Blood rich
in nutrients and oxygen flows from the portal vein (PV) and the hepatic artery (HA) towards the
central vein (CV). Bile is formed in the hepatocytes and flows through the bile canaliculi that are
situated between hepatic cords. Lymph is largely (ca 80%) formed from the filtrate in the Space of
Disse (SoD)and flows into the lymphatic vasculature LV, which is in the Space of Mall (SoM).

Studies on rat models showed that mean linear flow rate of the bloodstream within the hepatic
microvasculature is roughly 144 um/s, the flow speed and fluidic resistance increasing from
periportal to perivenous zone (Ehrlich et al.,, 2019), (Komatsu et al., 1990), (Eguchi et al., 1987)).
Conversely, the pressure along the sinusoid decreases from 70 mmHg (9333 Pa) inside zone 1 down
to 30 mmHg (2666 Pa) in zone 3 (Komatsu et al., 1990).

Hepatic zonation also affects endothelial porosity, the area fraction of the endothelium covered
by fenestrations, with fewer and narrower fenestrations in the periportal zone relative to the
pericentral zone (Cogger et al.,, 2020), (HORN et al., 1986),(Vidal-Vanaclocha & Barbera-Guillem,
1985),(Wack et al., 2001),(Wisse et al., 1983). This zonation of porosity was found inversely correlated
with expression of CD45 along the sinusoid and could be recognized in isolated liver sinusoidal
endothelial cells (LSEC) sorted by CD45 expression (Xie et al., 2010).

Table 1.1. Partial summary of the literature concerning sinusoidal dimensions and flow parameters.

Reference i) model ii) method III) sinusoid dimensions iv) flow v) pressure vi) fenestrations
Vidal-Vanaclocha i) rat ii) SEM vi) zone 3 has wider fenestrations (94-121nm vs 73-101nm) and higher

& Barbera-Guillemfrequency (10.21-10.68fenestrations/um? vs 5.74-6.26 fenestrations/um?) than zone 1 and
1985 greater number of sieve plates (1.73 fold).

i) rat ii) in vivo fluorescence microscopy III) the diameter of the sinusoid increases from
zone 1 to zone 2 to zone 3, 6.4um-7um-8.3um iv) the flow rate increases along the sinusoid,
143-221-331um/s v) interpolated values of pressure within sinusoids: zone 1 68-50, zone 2
50-40, zone 3 40-28 mmHg.

i) human ii) SEM vi) in zone 3 fenestrations are more numerous (23.5 vs 19.2%) than in zone

Komatsu 1990

Horn 1
orn 1986 1, porosity is higher in zone 3 than in zone 1 (9.1 vs7.6%)
. i) theoretical model iv) shape of the sinusoid does not affect the flow profile which is
Henriksené&Lassen . . . . .
characterized by increasing speed moving from zone 1 to zone 3 v) in humans the pressure
1988 .
drop between portal and central vein is between 3-5mmHg (450Pa).
Ryou 2020 v) clinical portal hypertension has pressure above 5SmmHg(666Pa) while normal pressure is

around 3.4mmHg(450Pa).
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i) mouse and rat ii) high resolution in vivo microscopy iv) flow speed is highly variable due
to interactions between blood-cells and the cells of the sinusoid, generally the velocity in
zone 3 is greater than in zone 1.

MacPhee 1995

i) rat ii) light and electron microscopy iii) centrilobular LSEC are larger (longer, wider) than

Wake 1988 periportal LSEC.

Yoon 2013 i) mouse ii) computed tomography iii) zone 1 features a smaller diameter (8.8 vs 13.7um)
than zone 3 vi) zone 1 has lower porosity than zone 3.

Wisse 1983 i) rat ii) SEM vi) porosity is higher and fenestrations have wider diameters in zone 3 than in

zone 1 (97.92 vs 76.57nm & 11.63 vs 6.81%).

The liver is the main site of lymph production in the body, with about 80% being formed here
(ref). Hepatic lymph generation begins with the filtration of blood through the fenestrations of the
sinusoidal lining followed by drainage through the lymphatic vasculature beginning in the Space of
Mall (SoM) a region of the portal tract situated between outermost hepatocytes and the hepatic
stroma (Tanaka & Iwakiri, 2016), (Jeong et al., 2022), (Santambrogio, 2018)). Lymph production is
correlated with the hydrostatic pressure within the sinusoids, where even slight changes to pressure
will increase lymph production and flow ((Tanaka & Iwakiri, 2016, 2018), Jeong et al. (2022)). This
physiological consequence, particularly evident in pathological conditions such as portal
hypertension, is due to the high permeability of the sinusoids (Hsu & Itkin, 2016)).

Models of the hepatic sinusoids

Given the inaccessibility of the liver sinusoids to sensors that could directly measure
hemodynamic variables, CFD simulations have been attempted to describe the flow field within the
elementary units of the liver lobule, the sinusoids(Table 1.2). Traditional approaches for numerical
models of the liver sinusoids are based upon anatomical structures imported from imaging carried
out on either animal or human liver specimens. The resulting models generally represent the
sinusoidal lumen and do not consider other elements (e.g. the Space of Disse, fenestrations). These
left out characteristic features of the liver sinusoids could play significant roles in the hemodynamics
of the liver. In models endothelial porosity is commonly introduced in numerical models that
simulate flow over an entire lobule, modelling porosity as porous medium. In general computational
models of the liver sinusoid lack generality and do not provide adequate flexibility to assess flow
through the sinusoid.

Table 1.2: Most significant studies on numerical models of liver sinusoid or lobule. v = velocity; FR
= flow rate; WSS = wall sheqr stress; P = pressure; 2D = bidimensional; 3D = tridimensional.

Mod. . .. Bound. Eval. . 4
Ref. Obj. Dim. |Origin Cond. Param. Highlights
local
L .. . in vivo hemodynamics,
Piergiovanni |sinusoidal D i mages hvs Umean, FRimass, vestivation for
(2017) network ges phys. WSS vestg )
mouse different occlusion
degree
phys., porous media
. path. approach,
Hu (2017) lobule 3D numerical (fibrosis, P, Umean, FRuvol fibrotic-cirrhotic
cirrhosis) lobule
3 human P, permeability,
lobule cast preferential liver circulation
Debbaut . :
3lobules 3D digitized  |phys. flow pathways, [anisotropy
(2012) . . S
with micro- WSS estimation
CT scanner
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infinite lattice of
hexagonal lobules,
sinusoid space as

hys. t-
Bonfiglio fes};it,igr?s P, blood flow  |porous medium,
(2010), Siggers [lobule 2D numerical lymph " |distribution (v), fresection effect,
2014 lymph fl i
(2014) broduction ymph flow anisotropy and

shear-dependent
tissue deformation,
lymph production

There are few models of the fluid dynamics of the liver or hepatic sinusoids that account for the
presence of fenestrations (Rani et al., 2006) with most simulating whole lobules, or larger areas of the
liver ((Rohan et al., 2019), (Debbaut et al., 2011, 2012), (Ricken et al., 2010), (Hu et al., 2017), (Siggers
et al., 2014), (Piergiovanni et al., 2017), (Ahmadi-Badejani et al., 2020), (Mosharaf-Dehkordi, 2019),
(Bonfiglio et al., 2010), (Schwen et al., 2014, 2015), (Barléon et al., 2018), (Rezania et al., 2016)) and as
such account for porosity in a more general way (as porous medium) in their models. No one has to
our knowledge added variable porosity to their models as such.

We therefore believe there is value added in a model that looks at the single sinusoid level,
investigating the contributions made by the overall shape and the distribution of fenestrations
(porosity) in a computational fluid dynamics model of a single sinusoid.

This is especially on account of the effects found in microfluidics of variable increasing versus
constant porosity on fluid flow velocity magnitude through a micro-channel (Brainerd et al., 2019.).
Brainerd et al found that in a micro-channel lined with pores, the outflow velocity magnitude
dropped significantly along its length if the porosity (% area fraction covered by open pores) was
even along the length, while to achieve an even outflow from the channel, porosity needed to increase
along the length. Taken together with the electron microscopic observations made on liver tissue
samples, porosity was expected to contribute to fluid dynamics in the liver sinusoid.

2. Modeling and methods

Computational Fluid Dynamics (CFD) simulations

CFD simulations were performed using Ansys® software and a laptop with the following
features:

Table 2.1: Hardware specifications.

Processor Intel i5-10300H
Clock Freq. [GHz] 2.50

Core # 8

Ram [GB] 8

Essentially, the numerical 2D models utilized in the simulations were two half sections of a
simplified sinusoid having either constant luminal radius (named C = constant radius sinusoid) or
diverging luminal radius (named D = diverging sinusoid).

Each model was tested in different configurations of porosity and inlet pressure (physiological
vs pathological pressure).

The effect of a lymphatic outflow in the portal tract of the SoD was explored for each model as
well.

Linear porosity was defined as the ratio between the length given by the sum of the fenestrations
and the length of the sinusoid.

Zonal linear porosity was defined as the ratio between the length given by the sum of the
fenestrations in a certain zone and the length of the zone itself.

d0i:10.20944/preprints202308.2069.v1
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All the three zones (periportal (1), perivenous (3) and intermediate (2)) were set to the same
length (275/3 = 91.667um).

Numerical models with constant porosity were obtained arranging fenestrations with constant
pitch along the whole length of the sinusoid. When variable porosity was applied, the fenestration
pitch varied zone by zone (but keeping fenestrations evenly spaced inside the zone itself). Zone 1, 2
and 3 of the sinusoid had porosity 5%, 6% and 20% respectively. Thus, porosity changes were applied
just by raising the number of fenestrations rather than enlarging their diameter (see Figure 2.1).

a)
constant sinusoid
35 f 135
diverging sinusoid : : e E——
35 ) = -
275
b) zone 1 zone2 zone 3
I ————————— = — e ————— B gl
| Bgepp—— L d e == d

lymph drainage

SoD g ! e [ o ! [ -
(outlety | ** L \, 7T\
N = 7_}
~~—__ \ 4,
inlet » lumen » i
zone 1 fenestration
5% porosi
prperes) 0.1 pm wide
- 0.15 um deep
SoD
= lumen =
zone 2
(6% porosity)
SoD )
» jumen » outlet
zone 3
(20% porosity)

Figure 2.1: Schematics of the numerical models of the sinusoid. The model was designed as a half
section. Two main versions were adopted, constant radius and diverging sinusoid (a). Sizes are in
microns. Example of the more complete model adopted in the simulations (b): diverging section
including variable porosity (5%, 6%, 20%) and an extra outlet at the portal side of the space of Disse
(SoD) to mimic lymphatic drainage (dark arrows indicate the flow direction).

Geometry and mesh

The numerical 2D models of the sinusoid were designed to meet both computational capabilities
of the hardware and anatomical likelihood.

e The Sinusoid was designed as a half section 275um long. Two half sections

e were evaluated, constant radius (3.5um) and linearly rising radius (in- let/outlet radii

respectively set to 3.5um and 7.5um).
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The Space of Disse (SoD) was modeled as a 2D chamber 1pum thick surrounding the sinusoid

lumen and communicating with it via fenestrations.
Fenestrations were modeled as 100nm long and 150nm high channels connecting the

sinusoidal lumen with the SoD (see Figure 2.2).
outlet.
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Figure 2.2: Mesh highlights shown for diverging sinusoid model. The side of each element of the
mesh was set to 0.1pm max size. Further, bottom panel, the quality spectrum for orthogonality metric

is reported.

Proper geometry is essential to facilitate the meshing process (discretization of the whole surface
into tiny sub-surfaces defined by nodes for which the solver computes the solutions of the fluid
dynamic equations). Main design strategies to obtain the geometry of the sinusoid follow:

e Main walls (sinusoid lumen and space of Disse lumen) were formed as 2 coaxial rectangles

(or trapezoids when sinusoid had diverging section).

e Fenestrations were modeled as a linear pattern.

e The sketch was converted to a surface and a symmetry axis was introduced (model halving).
The finite element method (FEM) facilitates a complex system’s numerical simulation. This
involves the discretization of a continuous system into small elements (named cells, which are
defined by nodes) over which to solve the equations. The obtained local solutions are ultimately
integrated to produce a global solution over entire domains and bodies. Thus, the quality of those
solutions generated by the solver strictly depend on the quality of the mesh, which defines size,
distribution and shape of the finite elements. Reduced number of elements lead to coarse solution
with low computational costs. A high number of elements gives accurate solution which requires
time consuming calculations. The obtained mesh had a good quality (Figure 2.3) in this way ensuring
accurate solutions. However, the mesh can be further improved by reducing the size of the elements

(set here to 0.1um).
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The laminar flow module of a pressure based solver, which couples the mass and momentum
conservation with no-slip boundary conditions, was applied to disclose pressure and linear speed
profiles of a steady flow for incompressible fluid (blood).

Solver configuration

Fluent solver (by Ansys) was utilized setting laminar-flow module with no-slip condition at the
boundaries (v = 0 at the walls). Blood at 37°C was selected as material (n = 0.0035 kg/ms-1, ¢ = 1060
kg/m3). Since the computational model was based on a pressure-driven flow, the physiological
pressures were set to 1067 and 800 Pa, respectively at the inlet/outlet (Ryou et al., 2020). Pathological
conditions (e.g., portal hypertension) were introduced elevating inlet pressure up to 2400Pa (Ryou et
al., 2020). To simulate lymphatic drainage a pressure outlet was added at the portal region (zone 1)
of the SoD and the selected out- pressure was set to 100Pa (Heppell et al., 2015). The equations were
solved through COUPLED algorithm (keeping default under-relaxation factors). The solutions
convergenced after 105 which were initially set to 2000 iterations.

The physics of the numerical model can be explained with the following partial differential
equations (PDEs):

Vou=0 (1)

That is the mass conservation equation for incompressible fluid where g is the density (kg/m-3)
and u is the 3D velocity vector (m/s)

o(u-Vu)=-VP+uV2u (2)

Which is the momentum equation for Newtonian fluids (constant p) where P is the pressure

(Pa), w is the dynamic viscosity (Pa - s).

3. Results:

In general velocity magnitude was greater through the divergent models compared with the
constant radii models, with velocity modules through the lumen centre-line being approximately 2-
fold higher in the divergent models. (Figures 3.1,2,5, Tables 3.1,2,3).

Table 3.1: Quantitative evaluation of pressure (P) and velocity (V) at the axis of the simplified models
of the sinusoid without fenestrations or lymphatic drainage (constant radius and diverging radius

microchannel).
Constant radius Divergent radius
P [Pa] V[m/s] |P[Pa] V [m/s]
max 1067,69 0,001] 1066,95 0,0032
min 800,146 0,0008] 799,876 0,0007
avg 933,5973| 0,00085] 871,9508 0,0015
Std.dev 77,1903( 1,00E-05 69,201 0,0007

Table 3.2: Velocity magnitudes in sinusoids modelled without lymphatic drainage, Const. rad. =
constant radius, Div. rad. = diverging radius, porosity given as %, Var = variable increasing porosity
5-20%, I=slumen centreline, f=fenestrations, D=Space of Disse.
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Const. rad. 5% Const. rad. Var Const. rad 20%
| f D I f D I f D
max 0,00087( 0,000038| 0,000034 0,0015| 0,000033| 0,000035 0,0033( 0,000016| 0,000035
min 0,00013 0 0] 0,00054 0 0] 0,00085 0 0
avg 0,00084| 2,8E-06| 0,000029] 0,00086| 1,2E-06| 0,00003] 0,00086| 0,000001| 0,000032
Std.dev 0,000047| 0,000005| 0,000008| 0,000044| 2,5E-06| 7,7E-06| 0,00013| 1,9E-06| 6,7E-06

Div. rad. 5% Div. rad. Var Div. rad. 20%

| f D I f D I f D
max 0,0031| 0,00009( 0,000053 0,0032| 0,00009( 0,000054 0,019| 0,000049( 0,000075
min 0,000022 0 0| 0,000019 0 0 0,0007 0 0
avg 0,0015| 0,000004( 0,000025 0,0015| 0,000002| 0,000026 0,0015( 1,8E-06| 0,000028

Std.dev 0,00066( 8,5E-06| 0,000016] 0,00067|6,63-06 0,000016 0,0011| 4,3E-06( 0,000022

Constant Radius Diverging Radius

Velocity Magnitude (m/s)

| 1§ e | "
e m W qre il . m T

R PR PR U PR PR MR M|

3 005 04 015 02 025 3 005 04 015 02
Position (mm) Position (mm)

Velocity Magnitude (m/s)

005 01 015 02 025 0 0 01 015
Position (mm) Position (mm)

[mis] 1.00e-12 1.26e-11 1.58e-10 2.00e-09 251e-08 3.16e-07 3.98e-06 5.01e-05 6.31e-04 7.94e-03 1.00e-01

Figure 3.1: Velocity magnitudes along sinusoids modelled without lymphatic drainage. Models are
with constant radius (cylinder) or with diverging radius (conical) and low (5%) porosity or high (20%)

axis
pores
disse

porosity.

The increment of zonal porosity increased the velocity in the space of Disse slightly, whilst
decreasing velocity through fenestrations, there was a modest decrease in luminal velocity in
cylindrical models, whilst a slight increase in divergent models. Velocity magnitudes through the
space of Disse were higher in models with lymphatic drainage than in those without (Figures3.1,2,5
Tables3.3,2).
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Table 3.3: Velocity magnitudes in sinusoids modelled with lymphatic drainage, Const. rad. = constant

radius, Div. rad. = diverging radius, porosity given as %, Var = variable increasing porosity 5-20%,

I=lumen centreline, f=fenestrations, D=Space of Disse.

Const. rad. 5% Const. rad. Var Const rad. 20%
| f D I f D | f D
max 0,002 0,0013 0,0014 0,002 0,0014 0,0014 0,0035 0,0014 0,003
min 0,00075 0 0| 0,00065 0 0| 0,000014 0 0
avg 0,00086| 0,000057( 0,00012| 0,00086| 0,000019( 0,00012| 0,00085| 0,000029( 0,00014
Std.dev 0,00024| 0,00016( 5,25E-05( 0,00025( 0,00085| 0,00026 0,0004f 0,00012( 0,00042
Div. rad. 5% Div. rad. Var Div. rad. 20%
| f D I f D I f D
max 0,0041 0,0013 0,0014 0,004 0,0013 0,0014 0,025 0,0014 0,003
min 0,000016 0 0] 0,000016 0 0 0,0007 0 0
avg 0,0014| 0,000051| 0,00011 0,0014| 0,000025| 0,00011 0,0017| 0,000031| 0,00012
Std.dev 0,0008| 0,00015| 0,00026 0,0008| 0,00011| 0,00025 0,0016/ 0,00013| 0,00041
Constant Radius Porosity 5% Diverging Radius
S T el
3.z 7 Wy, Iy LK Wiy, i |
g o R 2= LT
S | S .
§ 1.000-0¢ 8 § 1
’ " : Position (D':m) " - ' " : Pf!lon (”'{;T) v v
‘Porosnyzo% ]
:g 100003 100003
g 1.00e-05 1.00e-05
E% 1.00e-06 1.00e-06
g \lX)L:()E 1.00e-08
’ " " Position (Dn;m) 02 02 ' " " i()ji!lon (Onill) ’ - -
— | —
sores| | Vetocity viegnituce | T
:lsse \[Imk;S';y - 1l11(100(9-12 1.26e-11 1.58e-10 2.00e-09 2.51e-08 3.16e-07 3.98e-06 5.01e-05 6.31e-04 7.94e-03 1.00e-01

Figure 3.2: Velocity magnitudes along sinusoids modelled with lymphatic drainage. Models are

with constant radius (cylinder) or with diverging radius (conical) and low (5%) porosity or high (20%)

porosity.
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Figure 3.3: Pressure along sinusoids modelled without lymphatic drainage. Models are with constant

radius (cylinder) or with diverging radius (conical), and low (5%) porosity or high (20%) porosity.

Velocity magnitudes through the fenestrations were lower with higher porosity (high=20%) in
models without lymphatic drainage, whilst in models with lymphatic drainage velocities were higher
in low porosity (low=5%) than in high porosity, velocities were lower in variable porosity
(variable=5,6,20%) than either low or high porosity models (Figures 3.1,2,5 Tables 3.2,3)

Constant Radius Porosity 5% Diverging Radius
110e+03 = 1.10e+03 —
1000008 o T — 1006003 o
9.00e+02 | T — aooer02 | e
5 sooeroz TTT== 5 swen2 R o —
o o
& 7.00ei02 — & 7.00e02 =
e & .
o 50002 — o 6.00ex02 —
E E
B 5.00e+02 — B so0er02 —
o o
A 400es02 — @ 400er02 —
.g 3000402 — % 300e+02 |
[ =
200e+02 — 2.00e+02
100e+02 100e+02
1] 0.05 01 0.15 02 025 0 0.05 01 0.15 02 025
Position (mm) Position (mm)
, —
Porosity 20 %
1100403 — 1106403 —
1006003 o T 1006403 = S
Q00e+02 — 0.00e+02 —| A —
F 800es02 — ———— @ 800ex02 o —
S il
@ 70002 8 700002 — /
a e
‘o 500e02 © 600es02 —
5 5
2 socew0z — g 5.00e+02 |
©
A 400e+02 @ 4.00ex02 |
% 3.00e+02 | £ 300e02 -
= =
2000402 | 200602 —
1.00e+02 100e+02
0 005 01 01 02 025 [ 005 01 015 02 025
Position (mm) Position (mm)
] ) i
pores
disse| |[pascal] 1.01e+02 1.98e+02 2.95e+02 3.92e+02 4.89e+02 5.86e+02 6.83e+02 7.80e+02 8.77e+02 9.74e+02 1.07e+03

Figure 3.4: Pressure along sinusoids modelled with lymphatic drainage. Models are with constant
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radius (cylinder) or with diverging radius (conical) and low (5%) porosity or high (20%) porosity,
(top/bottom).

Luminal velocity magnitude was slightly higher in constant radii models without lymphatic
drainage, with high and variable porosity, and unchanged in divergent radii models. In constant radii
models with lymphatic drainage, luminal velocity was higher in low and variable porosity models.
Luminal velocity in divergent radii models was higher when models had high porosity and
lymphatic drainage, and equal in all others (Figures 3.1,2,5 Tables 3.2,3).
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Figure 3.5: Velocity along sinusoids modelled with variable porosity (5, 6, 20%). Models are with
constant radius (cylinder) or with diverging radius (conical) and with or without lymphatic drainage.

Average pressure in the lumen was about 7% lower in the divergent models relative to the
cylindrical models. For models without lymphatic drainage with divergent radii luminal pressure
was lowest in variable porosity models, while for constant radii models with lymphatic drainage
variable porosity models had slightly higher luminal pressure. In divergent models with lymphatic
drainage variable porosity had the highest average pressure, with lower pressure in low porosity
models, and lower still in high porosity models (Figures 3.3,4 Tables 3.4,5).
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Figure 3.6: Pressure along sinusoids modelled with variable porosity (5, 6, 20%). Models are with
constant radius (cylinder) or with diverging radius (conical) and with or without lymphatic drainage.

Pressure across fenestrations was lower in variable porosity models relative to low and high
porosity models, else pressure across fenestrations was higher in higher porosity than in low porosity

models(Figures3.3,4,6 Tables3.4,5).

Table 3.4: Pressure in sinusoids modelled without lymphatic drainage, Const. rad. = constant radius,

Div. rad. = diverging radius, porosity given as %, Var = variable increasing porosity 5-20%, I=lumen

centreline, f=fenestrations, D=Space of Disse.

Const. rad. 5% Const. rad. Var Const rad. 20%

| f I f I f
max 1067 1054 1043 1067 1055 1044 1067 1061 1056
min 802 813 824 796 806 811 785 806 810
avg 934 934 934 933 883 931 933 933 933
Std.dev 76 73 73 77 67 74 77 76 76

Div. rad. 5% Div. rad. Var Div. rad. 20%

| f I f I f
max 1068 1031 1002 1067 1031 1001 1074 1056 1040
min 809 8110 813 805 802 806 748 826 827
avg 878 877 878 874 844 873 891 891 891
Std.dev 67 62 59 68 53 61 65 63 62
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Table 3.5: Pressure in sinusoids modelled with lymphatic drainage, Const. rad. = constant radius, Div.
rad. = diverging radius, porosity given as %, Var = variable increasing porosity 5-20%, 1=lumen
centreline, f=fenestrations, D=Space of Disse.
Const. rad. 5% Const. rad. Var Const rad. 20%
I f D | f D I f D
max 1067 949 934 1067 952 939 1067 989 983
min 794 592 102 798 588 102 800 604 103
avg 917 876 836 919 857 840 917 900 881
Std.dev 73 65 140 71 50 140 69 65 110
Div. rad. 5% Div. rad. Var Div. rad. 20%
I f D | f D [ f D
max 1067 880 865 1067 883 868 1066 929 915
min 805 570 102 806 586 102 656 600 105
avg 869 828 791 870 823 792 850 834 816
Std.dev 65 50 129 65 34 128 68 50 93

In models without lymphatic drainage the pressure in the space of Disse was always lower in
the variable porosity models, whereas in models with lymphatic drainage pressure increased from
low to variable to high (Figures3.3,4,6 Tables 3.4,5).

In general the variable porosity model had velocity and pressure curves in between low and
high constant porosity, being somewhat closer to low constant porosity (Figures 3.1-6)

In total the overall shape of the vessel (Figures 3.1-6, Tables 3.1-5) and presence or absence of
lymphatic drainage in the periportal zone had the largest effects of flow parameters, whilst porosity
had some effects these were less pronounced.

Modelling with a pathological (elevated) pressure regimen did not show any changes in
pressure or flow behaviour. Increasing input/output pressure to 2400/800Pa as per Ryou2020, only
rescaled proportionally to increases in pressure, the same patterns as for physiological pressures, that
is differences between them were merely rescaled.

Admixing: Observing flowlines, the addition of a lymphatic drainage in the periportal zone
leads to more fluid moving through the space of Disse and more admixing relative to models without,
whereas porosity only has a modest effect when comparing models with low, high or variable
porosity (Figures 3.7-9). Divergent models show stronger vortice formation at the outlet, compared
with constant radii models.
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Figure 3.7: Streamlines at Inlet (left hand side) and Outlet (right hand side) for sinusoids modelled
without lymphatic drainage. Models are with constant radius (cylinder) or with diverging radius

(conical) and low (5%) porosity or high (20%) porosity.
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Figure 3.9: Streamlines at Inlet (left hand side) and Outlet (right hand side) for sinusoids modelled
with variable porosity (5-6-20%), constant (cylinder) or diverging (conical) radius, and with or
without lymphatic drainage.

Discussion & Future Perspectives:

Four physiologically relevant 2D models of the hepatic sinusoids were generated for CFD
simulations to disclose possible hemodynamics insights. Simulations were carried out considering a
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laminar and steady flow of blood (constant dynamic viscosity) generated by a differential pressure
between sinusoid inlet and outlet.

Velocity and pressure trends have been collected for all models in conditions of physiological
and pathophysiological (elevated) pressures. Also, an extra outlet was added to the model to
reproduce the lymphatic drainage in the portal zone of the SoD.

¢ Major insights about sinusoidal pressure (P):

a. Pressure decreases linearly in constant radius models (Cmods) and exponentially in diverging
radius models (Dmods).
b. Dmods generally have lower pressure all throughout, compared with Cmods.
c. Increased porosity in the pericentral zone implies a generalized pressure reduction, mostly
borne by SoD.
d. Lymphatic drainage reduces with the pressure within the sinusoid, especially inside the SoD.
This effect might be exaggerated by the model (see below in General considerations).
e. Pathological conditions, elevated pressure, (PatCs) merely re-scale the same pressure behavior
obtained with physiological conditions (PhyCs).
f. In terms of average pressure, sinusoidal lumen and SoD have comparable pressure while
through the fenestration pressure is generally lower.
e  Major insights about flow velocity (V):

a. In general, Cmods have constant luminal velocity and almost constant velocity within the
SoD. Velocity through the fenestration develops along the sinusoid with parabolic trend: higher
values at the inlet/outlet (where flow enters/exit the SoD).

In general, Dmods demonstrate slowly decreasing velocity along the sinusoidal lumen and
along the SoD. Through the fenestrations, velocity goes down within the first 50-100pum and then
follows a sinusoidal trend with rising values in proximity of the outlet.

Globally, Dmods produced greater velocity in all compartments of the sinusoid compared with
Cmods.

b. Some of the models (especially but not only the Dmods) present a reverse flow at the outlet.

c. Porosity augmentation in perivenous zone mostly affects velocity of the SoD and through
fenestrations (no effect on luminal speed - flow through fenestration and SoD looks to compensate
for the porosity changes). Generally, velocity increases within SoD while it decreases through the
fenestrations.

d. Adding lymphatic drainage to the perivenous zone generated a shift of velocity trend towards
the outlet. Average flow speed through the fenestrations reaches higher values and decreases slower
within the first half of the sinusoid (increased flow exchange between lumen and SoD). Similarly,
flow along the SoD is characterized by higher average speed.

e. PatCs merely re-scale the same velocity behavior obtained with PhyCs.

e  General considerations.

a. Lymphatic drainage in the SoD was modeled as a depressurization. This affects the flow
within the entire sinusoid. Since lymphatic flow rate is estimated to be 100-500 times less than the
flow rate of blood (Swartz, 2001), it might be necessary to adjust the pressure value at the drainage
outlet (i.e., current flow speed within the SoD is too high).

b. Lymphatic drainage is expected to be much higher in pathological conditions (Jeong et al.
(2022), Tanaka and Iwakiri (2018)) and this aspect was not taken into account in our simulations (i.e.,
drainage outlet was set to the same pressure value rather than a lower one).

c. With the current boundary conditions (PhyCs, PatCs), porosity variations seems to be fully
compensated through flow exchange between lumen and SoD via fenestrations without affecting
flow velocity inside the lumen. In the model the elevated pressure seen in pathologies is not causing
alterations to the flow pattern with unchanged geometries. While the model does not account for
cellular responses to elevated pressure and flow velocity, it shows the sinusoidal geometry needs to
be altered for flow patterns to change.

d. Instead of a homogeneous variation of porosity, with evenly spaced fenestrations a stochastic
porosity model might be applied (more complex geometry) for greater realism. We believe the
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simplification in our model is justified for our application, but others will need to evaluate the realism
required by their inquiry.

f. Further degrees of complexity can be added using non constant viscosity (for example:
Carreau model) and pulsatile flow, requiring a user defined function. This however requires better
data on pulsatile flow in the sinusoid.

g. The resolution of the model (in terms of # element in the mesh) might be increased to provide
more accurate solution (which might be necessary when modeling shear stress) though this too
makes the model more computationally heavy. For our case of determining a general trend this is
sufficient, but other applications might need a finer mesh.

h. The model simplifies the sinusoid to a straight line, whereas the real case would be curved
and branching. This simplification is necessary to home in on the focus of this article, variable
porosity and diameter in and of the sinusoid, but is also a departure from reality in this regard.

Main insights:

Luminal flow and pressure are mainly affected by the overall shape, i.e. evolution of vessel
diameter, with porosity, from fenestrations affecting nigh exclusively flow in the Space of Disse.

An increasing porosity, with higher porosity towards the pericentral/zone 3, modestly (4% in
divergent model) increases flow velocity through the SoD, relative to a constant porosity model, but
also decreases velocity through fenestrations significantly (reduced by 50% in the divergent model).
Pressure in likewise modestly reduced (-4% in divergent model) through fenestrations and the space
of Disse in the variable porosity model relative to a constant porosity model.

Simulating lymphatic drainage by adding an outlet increased flow velocity and exchange
between lumen and Space of Disse. More detailed studies of how this parameter evolves are required.

Some effects may be underestimated in the model on account of parameter reduction, as
pulsatile flow, curved geometry, tissue compressibility and obstruction of flow by migrating blood
cells (MacPhee 1995, Wisse 1985) are left out to home in on two parameters, porosity zonation and
vessel shape. The addition of some of these to the model may be feasible with better computational
hardware available. Adding fenestrations with realistic porosity to a larger more detailed model such
as that used by Piergiovanni 2017 would also be worth doing, perhaps helping elucidate distribution
patterns of various solutes and colloids at the sinusoid level, but would make much greater
requirements in terms of both time and hardware.

Future Perspectives

Our model did not account for pulsatility of flow, as is the case for blood-flow, or elasticity of
the tissue itself, which can compress in response to pressure. Lymphatic outflow was also
approximated as constant which is unlikely the real case, but was good enough for our investigation
pertaining to flow and pressure relations.

Adding a few of these more computationally heavy elements may yield better results, the
geometry and simplifications therein of the model however we feel are accurate enough for further
use.

The model shows differences in fluid flow velocity through the SoD between constant and
increasing porosity along the sinusoid-model, this may have implications towards solute exchange
between the blood stream and the hepatocytes.

There would be benefit in generating a more accurate and detailed model of the sinusoid. These
should account for: branching (ideally in 3 dimensions) and elasticity of the tissue itself ,double inlet
(arterial and venous contribution) pulsatile flow, blood cells which would barely fit the initial
diameter of the sinusoid (RBCs and leukocytes which adhere slightly to the endothelial lining),
lymphatic drainage is probably related to the pulsatility of flow (probably intermittent outflow into
lymphatics, based on pressure maxima in sinusoid), with mixing and flow-paths described in the case
of pulsatile flow with blood cells in the sinusoid (the contributions this makes theorized by Wisse
(Wisse et al., 1985)).
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