Downloaded from https:.//royal societypublishing.org/ on 20 December 2021

ROYAL SOCIETY A nonlinear multi-scale

OPEN SCIENCE s
model for blood circulation in
a realistic vascular system

royalsocietypublishing.org/journal/rsos

.
Research

updates

Ulin Nuha A. Qohar, Antonella Zanna Munthe-Kaas,

Jan Martin Nordbotten and Erik Andreas Hanson
Cite this article: Qohar UNA, Zanna Munthe-

Kaas A, Nordbotten JM, Hanson EA. 2021 Department of Mathematics, University of Bergen, Allegaten 41, Bergen 5008, Norway
A nonlinear multi-scale model for blood UNAQ, 0000-0003-3747-4878

circulation in a realistic vascular system. R. Soc.

Open Sdi. 8: 201949. In the last decade, numerical models have become an
https://doi.org/10.1098/rs0s.201949 increasingly important tool in biological and medical science.

Numerical simulations contribute to a deeper understanding of
physiology and are a powerful tool for better diagnostics and
treatment. In this paper, a nonlinear multi-scale model
Received: 31 October 2020 fram;elwork ist develofped for blood ‘t/]vow distrlibution in t.he full
vascular system of an organ. We couple a quasi one-
Accepted: 28 Qctober 2021 dimensiona}ll vascular graph rgnodel to repre.zent blo(i)d flow in
larger vessels and a porous media model to describe flow in
smaller vessels and capillary bed. The vascular model is based
on Poiseuille’s Law, with pressure correction by elasticity and
Subject Category: pressure drop estimation at vessels’ junctions. The porous
Mathematics capillary bed is modelled as a two-compartment domain
(artery and venous) using Darcy’s Law. The fluid exchange

between the artery and venous capillary bed compartments is
Subject Areas: Y priary p

defined as blood perfusion. The numerical experiments show
applied mathematics/biomechanics/

that the proposed model for blood circulation: (i) is closely
bioengineering dependent on the structure and parameters of both the larger

vessels and of the capillary bed, and (ii) provides a realistic
Keywords: blood circulation in the organ. The advantage of the proposed
blood flow, Darcy, multi-scale model, perfusion, model is that it is complex enough to reliably capture the main
porous media, vascular system underlymg I.)I'IYSIOIOgIC?I fu.nctlon', yet hlgh'ly flexible as it offers
the possibility of incorporating various local effects.
Furthermore, the numerical implementation of the model is
straightforward and allows for simulations on a regular

Author for correspondence: desktop computer.
Ulin Nuha A. Qohar
e-mail: ulin.qohar@uib.no

1. Introduction

Nowadays, computational approaches have become one of the
complementary tools in studying structure, function and blood
regulation of the vascular systems [1-10]. The fundamental
purpose of developing a numerical model is to understand how
changes in the vascular structure affect transport mechanisms in
organs, giving important clinical information. However, one of

© 2021 The Authors. Published by the Royal Society under the terms of the Creative

Commons Attribution License http:/creativecommons.org/licenses/by/4.0/, which permits
THE ROYAL SOCIETY P g ! P

PUBLISHING unrestricted use, provided the original author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2021.0350&domain=pdf&date_stamp=2021-12-01
mailto:ulin.qohar@uib.no
http://orcid.org/
http://orcid.org/0000-0003-3747-4878
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Downloaded from https:.//royal societypublishing.org/ on 20 December 2021

the challenging modelling issues for these systems is the fact that vascular systems are made of vessels at [ 2 |

different scales [8], ranging from large arteries with close to turbulent blood flow, to smaller arteries and
arterioles with mostly laminar flow, and to capillaries, with perfusion of cellular particles between artery
and vein capillaries. This complexity makes it difficult to fully understand the connection between scales
and the effect of localized changes on the whole organ.

The multi-scale mathematical modelling for blood circulation offers a reasonable solution to these
difficulties. By combining the well-established flow models at various vascular scale levels, one may
achieve a global model that also takes into account multiple local properties. The coupling between each
level is the key to creating a complete model with a suitable balance between computational cost and
detail, as required for pathological characterization [6,8,11]. To this end, several earlier studies have
proposed suitable modelling set-ups [1,5,7,12-16]. The authors in [5] propose a three-dimensional/one-
dimensional coupling for combining large and small arteries in the cerebral vasculature. In [10], the
authors consider a network representation that includes arteries, veins and capillaries. This model
assumes that the whole vasculature is an interconnected tube network and results in a much larger
system. However, the computational cost of this approach limits its applicability at a clinically relevant
scale. To overcome the limitation, the authors in [10] replaced the capillaries and arterioles with a coarser
network with similar resistivity. In a recent study [3], the authors treat vessels as a one-dimensional
network model and the capillary bed as a three-dimensional continuum model, thus decreasing
significantly the computational cost and allowing for full brain simulations. Other works addressing a
discrete-continuum system have investigated the blood flow simulation for cerebral and liver
microvasculature, both in humans and animals [7,12,17,18]. It must be mentioned, however, that zero-
dimensional and one-dimensional models have a reduction in accuracy when compared to full three-
dimensional models, in particular when applied to describe large vessels [19].

In the current work, we propose a multi-scale model for blood circulation that incorporates
nonlinearities induced by the vascular structure. The blood flow in the vascular network (arteries and
veins) is described using a vascular graph model [10] in which vessel segments are represented as long
cylindrical tubes with constant radii. To compensate for the accuracy loss of this model, a model for
pressure drop is included at vessel bifurcations [19,20] and we allow for a vessel radius dependence on
pressure due to vessel elasticity [21]. Darcy flow is used to describe the continuum representation of the
micro-circulation in the smaller vessels and the capillary bed. Further, a continuous distribution is
introduced to model the unresolved structure between the vascular network terminals and the Darcy
domain, with the purpose of reflecting the micro-vessel structure surrounding each terminal node.
Differently from [3], we investigate the impact of nonlinear interactions between pressure and flow, as
well as the role of vessel bifurcations in the flow network, and the effect of vessel occlusion in an organ.
Our model was developed for full-organ simulations with parameters from experiment data on frogs
[22-25] accompanied by estimations [21,26-28] to obtain results purely from governing equations and
the given anatomy.

2. Material and methods

In this section, we present our modelling framework. We construct a system consisting of an arterial and
venous vascular network, a two-compartment capillary bed and the couplings between the parts. A
realization of the model configuration is illustrated in figure 1, where the dotted line represents the
coupling and connection between compartments. Blood flows from the roots of the arterial network
(bottom left) through the arterial network (red), then to the continuous domains of the capillary
compartments (light red for arterial and light blue for venous compartment), and finally to the
venous network structure (blue) and to the venous roots at the bottom right of the venous network.
The arterial and venous terminal nodes are connected to the respective continuous capillary domains
in the capillary bed (red solid and blue dashed dotted-lines).

2.1. Model simplifications and hypotheses

Our modelling framework is quite generic and, as such, does not take into account all micro and macro effects
related to the flow in the vascular system. Yet, by expressing the system in a multi-scale framework, we
manage to capture some of the underlying micro-scale details using the macro-scale parameters.

The main simplification in this model is that the capillary bed is assumed to be a homogeneous and
isotropic porous media. Further, the nonlinearities induced by the capillary physiology and the blood
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artery capillary bed vein

Figure 1. The quasi-three-dimensional numerical model for a two-dimensional spatial problem. The xy (vertical) axis represents the
two-dimensional computational domain in space and the third axis (horizontal) is the model axis. Blood flows from the roots of the
arterial network through the arterial network (red), then to the continuous domains of the capillary compartments (light red for
arterial and light blue for venous compartment) and finally to the venous network structure (blue) and to the venous roots at the
bottom of the venous network. The arterial and venous terminal nodes are connected to their respective continuous capillary
domains in the capillary bed (red solid and blue dashed dotted lines). The green dotted lines represent the pixel-wise bridge
between capillary compartments, which is modelled as the blood perfusion in §2.4.

itself are neglected [29]. These include, among others, the non-Newtonian behaviour of the blood [30],
the Fahraeus-Lindqvist effect [31], plasma skimming [32] as well as viscoelasticity in the capillary
bed. The effect of these limitations is partly studied in a recent simulation framework [33].
Nevertheless, the reported simulations are only performed on a micro-scale and, to our knowledge,
no current simulation framework is able to incorporate all these micro-effects into a multiscale model.

With the simplifications mentioned above, the nonlinearities in this work are restricted to effects
arising from and affecting the vascular network, namely pressure drop at bifurcations and vessel
elasticity. Other than that, we limit our model to situations where the structure of the vascular system
is in a fixed passive condition (steady-state), so that all parameters and coefficients are constant over
the simulation time.

2.2. Graph structure model for vascular networks

A system of equations was constructed based on a network structure for both arteries and veins.
Assuming laminar flow and non-slip conditions on the vessel walls, each vessel segment n was
modelled as a long cylindrical tube of length L,, with constant radius r, <« L,. The vessel radius was
computed as an average radius value from the segmentation data. The pressure drop AP, in a single
vessel segment 1 was computed using Hagen—Poiseuille’s Law [10]

BuLnqn
mA 7

n

AP! =

(2.1)

where the upper index & stands for hydrodynamic, 4 is the blood viscosity and g,, is a volumetric blood
flow. At a junction node, a pressure match scheme was used to define vessel pressure drop connected to
the junction node [34]. An additional pressure drop estimation was defined from [19,20]

2 2,4 2‘7 7’2 3
APb — Pqdat <1 + T’ dat _ “An'dat cos <7 0 )>’ 22
n 22 qéatrﬁ Qdatr% 4 (dat,n) ( )

dat

where the upper index b stands for bifurcation and the index dat refers to the datum vessel, i.e. the vessel
from which the flow approaches the junction. Further, 6(4at ) is the angle between the datum vessel and
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Figure 2. lllustration of pressure drop at junctions, see (2.3). The arrow represents the direction of blood flow.

vessel n. The pressure drop equation was constructed based on Bernoulli equation to match the total
pressure at the inlet and outlet vessels at bifurcation. The derivation details were described in [20] for
converging and diverging flow at a junction. Hence, the total pressure drop after a bifurcation node
was computed as the sum of both equations (2.1) and (2.2)

AP, = AP" + AP?, (2.3)

see figure 2. The other governing equation was the conservation of mass at a node

Zqin = ZQOut/ (24)

with g, representing the blood that flows into the node and g, is a flow out of the node.

2.3. Elasticity on vessel walls

Vessel wall elasticity provides capacitance and pulse-wave dampening, allowing the arteries to maintain a
relatively constant pressure despite the pulsating nature of the blood flow. On the other hand, the vessel wall
elasticity also allows for a vessel radius dependence on the pressure gradient, to regulate blood supply in
case of an alteration of the vascular system [21]. The change in radius due to pressure was described by

(1- M)k

Ar=r— Yinit = LE init (pin - Pext)/ (2'5)

where 7y is the initial vessel radius without pressure gradient, & is the vessel wall thickness, E is the Young
modulus, A is the Poisson ratio, and Piy,, Pey are the pressures inside and outside the vessel, respectively. The
vessel thickness is assumed to be proportional to the vessel radius, with & = 0.22r for the arteries and 1 =0.1r
for the veins. This is within the approximated range reported in [24]. For the elasticity parameters, the Young
modulus in the arteries E, is two times bigger than E,, in the veins, E, = 2E, =1 MPa, and 1 = 0.5 [21,27]. Py, is
defined as the average pressure in the segment, that is the average pressures at both segment endpoints, and
Pey: as the capillary pressure at the midpoint outside the vessel. The elasticity equation (2.5) has the effect of
introducing a nonlinearity to the system. Thus, the pressure difference between two adjacent nodes in a vessel
is determined by substituting equation (2.5) into equations (2.1) and (2.2).

2.4. Capillary model

In the capillary model, smaller vessels and the capillary bed were discretized with a uniform grid and
described by Darcy’s single-phase flow equation. Darcy’s Law, describing the flow of a fluid in a porous
medium, states that a fluid flows from regions of higher pressure to regions of lower pressure in a linear
manner. Thus

K
v=——VP, (26)
"

where v is the Darcy flux (volumetric flow rate per unit area (m” s™' m™2)), K is the permeability tensor of the
porous medium and y is the viscosity [35]. In addition, we assume conservation of mass (continuity equation)

V-v=Q, (2.7)

where Q is the source term (s™1). In this model, Q is a source or sink, for instance describing the flow in or out a
terminal node in the arterial or venous system, or describing the passage of flow from one compartment to the
other. We assume blood to be an incompressible fluid, and by incorporating Darcy flow into the continuity

w610z 18 s uadp 205y sosyjeumol/biobunsiqndfaanosiedor i



Downloaded from https:.//royal societypublishing.org/ on 20 December 2021

equation, we obtain
K
-V- (ﬁ VP> =Q. (2.8)

The capillary bed is described as a two-compartment system, using one compartment for the arterial part and
one for the venous part. Blood perfusion is interpreted as the interchange between the two compartments, i.e.
the exchange of oxygenated blood with deoxygenated blood in the capillary bed. The driving force for
perfusion is the pressure difference between the two compartments [3], giving the linear relation

F=aP, - P,), (2.9)

where ¢ is the perfusion parameter. The Darcy model for the two compartments becomes

V. (%vpa) =Q.—aP,—P,) in
V- (%VP,) =Q, +a(P,~P,) in & (210)
and ug-ng=0 (Neumann BC) on 94,

where () is the Darcy capillary volume and the index = {a, v} stands for artery and vein, respectively.

2.5. Coupling vascular structure and capillary models

To complete the system, both the arterial and venous Darcy systems were combined with the terminal
nodes of the arterial and venous networks as point sources/sinks. The analytic solution of the Darcy
equation around these points is a Dirac delta function, with a singularity at the source/sink point,
creating a problem at the three-dimensional-one-dimensional interface. To avoid this problem, a fluid
distribution function was introduced [3]

flx) = {CeXp(lﬁf) if x| <1 (2.11)

0 if x| >1,

and this function was used with a finite radius €, f*(x) = f(x/€) on the Darcy domain. The finite radius &
can be set to a user-chosen constant or to a fraction of the terminal vessel’s radius. In this manuscript, it is
set to three pixels to represent the vessels that are not observable in the imaging data. As a result, the flow
at a terminal node Q; is coupled to the capillary compartment as a number of sources/sinks Qg(x)
according to the relation

Q= Qalytx - xax. 1)
%

Beside mass continuity, we have to describe pressure continuity between the one-dimensional vascular
graph and the three-dimensional Darcy model. The pressure drop between the terminal node f and
the surrounding tissue was thus given as

P — J Po(x)f<(x — xp)dx = Qy, (2.13)
0

where k represents the resistance estimation for capillary system around terminal ¢ in the Darcy model. In
this work, the resistance x was estimated as a constant by using equation (2.1) to compute the resistance
of a cylindrical tube connecting a terminal node to the Darcy domain inside the sphere of radius € centred
at the terminal node. The tube has a length of & and a radius of m~'/?
computational cells within the sphere.

7, where m is the number of

Both flow and pressure couplings between the vascular graph and Darcy model close the loop from
the arterial roots to the venous roots. While a well-posedness analysis of the full model with nonlinear
effects is beyond the scope of this paper, a linearized model similar to the one considered in this paper
was recently shown to be well posed, both in the continuous setting and when discretized by low-order
finite volume methods [36].
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2.6. Numerical implementation of the flow

2.6.1. The vascular network

It consists of vessel segments and nodes and is governed by (2.1), (2.4) and (2.11). For each graph segment
n, the pressure drop (2.1) (linear part) and the pressure drop at junctions (2.2) (nonlinear part) were
considered. When considering elasticity, equation (2.5) was used.

The equations at the nodes are of three different types: at the root nodes, we have control equations/
boundary conditions (given with the problem); at the internal nodes (connecting two or more segments)
we have conservation of volume (2.4), and at the terminal nodes we have coupling equations with the
Darcy model. In our four roots terminal (two arterial and two venous roots), there were several
options to assign the boundary conditions.

Five further control equations must be considered for the system to have a unique solution. These
were constructed by assigning constant pressure on the arterial and the venous root nodes (Dirichlet
BC) and conservation of mass for the whole system

Proot,B = PBC (214)
and
> an=0, (2.15)
11E€Nroot

where root, f=a, v is a root node on the arterial or the venous structure, Pgc represents the constant
pressure on two arterial roots (input) and two venous roots (output), and N, are root segments,
with g, > 0 for the artery and g,, <0 for the vein. Finally, the whole complex is represented as a system
of nonlinear equations F(x) = b, where F(x) = A(x)x.

2.6.2. The Darcy domains (capillary bed)

The Darcy equations (2.10) in the capillary bed were solved using a two-point flux approximation (TPFA)
on a uniform grid. We assume that the permeability K in the capillary bed is constant and uniform, and
represent it by K (scalar). First, we computed the fluid transmissibility between adjacent cells i and j,

Axi; ij/*"‘ !
i = 2S;; fr——1)
T ( Ko | Ky

where S;; is the face area between cells i and j, and, as above B € {a, v}. Because of the homogeneity of the

system, constant parameters and uniform discretization, equation (2.16) simplifies to

Kp
uAx’

(2.16)

5 =5 (2.17)

Then, applying TPFA to (2.6) in single cell i and adjacent cells j € N;, neighbour cells around i, we obtain

> (P - P) = Q. (2.18)

JEN;

Applying this procedure for all cells in the domain, we obtain a system of equations Ap_px =b, where
Ap_p is a symmetric matrix with elements

ZEN‘ T ifk=1
ﬂik:{ !

2.19
—Tik if k # 1. ( )

We note that while the TPFA method is not a consistent discretization for general grids, it is consistent
and convergent on the uniform grids used in this study [37].

2.6.3. The full coupling

Finally, the vascular networks and the Darcy domains were combined in a (nonlinear) system of
equations Ax=b, A = A(x), with unknown x consisting of the pressure and the flow rate in the model

AN An_T 0 XN bN
AT—N AT*T AT—D XT = 0 . (220)
0 Ap.r Apop Xp 0
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The indexes N and T refer to the internal and terminal nodes in the vascular network, and index D stands -

for the Darcy equation discretization. The unknown xy is the pressure at the internal nodes and flow rate
in the corresponding segment, xr is the pressure in the terminal nodes, and xp is the pressure on the
Darcy domain. The blocks matrices represent systems of equations in the following domains:

— Matrix Ay_y € RNV is a matrix representation of the vascular graph model’s system of nonlinear
equations. It is based on equations (2.3)-(2.5) and consists of as many equations as the number of
vessels and nodes in the internal nodes network. It also has no more than four non-zero entries
per row.

— Matrix Ar_re RT7 is the system of nonlinear equations on terminal nodes at the coupling between
the vascular graph and the capillary model. It is based on equations (2.3) and (2.5). The matrix is a
diagonal matrix.

— Matrices Ay_7€ RVT and Ar_ny RPN are couplings between the internal nodes and the terminal
nodes from equations (2.3)—(2.5).

— Matrix Ap_p e RP*P is the system of linear equations based on the Darcy’s Law discretization in
equation (2.19). Its number of variables is the number of discretization cells in the capillary
domain and the system is symmetric.

— Matrices Ap_r€RP*T and Ar_peR™P are couplings between the terminal nodes and Darcy
discretization cells. The pressure and mass continuity are based on equations (2.13) and (2.12).

— The by term in the r.h.s. is from the boundary conditions of the circulation system in equation (2.14).

Despite the nonlinearity in the governing equations, it can be solved efficiently by using the Schur
complement method. Let
B — (AT—T AT—D)
Ap.r Apop

The Schur complement of block Ap_p for the matrix B is defined as B/Ap_p:= Ar_7 — AT,DABE pAp_T.
ABI_D is not computed explicitly, due to of the large size of the matrix. Instead, the system of linear
equation Ap_pC = Ap_r is solved giving C = Ap' ,Ap_r. Substituting back in matrix A (2.20), we have

(A )= (%) 22

The above nonlinear system (2.21) is solved using an iterative nonlinear least-square optimization
algorithm based on the Powell dogleg method [38]. The solution of the linearized system (by omitting
the nonlinearities) was used as the initial approximation. The entire framework was solved using
MATLAB 2019b on a desktop PC with an Intel(R) Core(TM) i7-7700 CPU 3.60GHz and 32 GB RAM,
and the codes and instructions for reproducing the results are included in the dataset [39].

2.7. Vascular structures in image data

The model described above is generic and applicable to any two-dimensional or three-dimensional
domain. As an illustrative example, we used the model to simulate blood flow in a frog tongue from
a two-dimensional anatomical image from a classical biology textbook [23]. This example resembles a
realistic vascular system while still being more easy to visualize, interpret and analyse compared to a
full three-dimensional system. A drawback of this choice is that the original sample is not available,
thus we cannot validate the correctness of the vessel structure. Furthermore, there is an apparent
deformation of the geometry. The vascular networks are simplified into two flat networks, as shown
in figure 1 as we do not have information about thickness and curvature in the third dimension.
Incorrect vessel structure and incorrect geometry may have an impact on the blood flow in the entire
domain, especially for intertwined vessels, which are not captured from the two-dimensional image.
Still, we believe that the balance between arteries and veins in the image is highly realistic. Since the
application to this two-dimensional domain is included as an illustrative example, a deeper analysis of
the limitations is outside the scope of the current work.

Figure 3 shows the original image of the frog tongue, with the physiologist’s segmentation of the
main vessels. The frog tongue was stretched flat and nailed to a canvas. Thereafter, the trained
physiologist manually traced the arterial and venous network structures on it. One may notice that
only a few vessels serve the middle part of the tongue.

~
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Figure 3. An anatomical frog tongue image from a classical textbook [23], with arterial (red) and venous (blue) vascular network
structures. The networks are obtained by segmenting the anatomical vessel structures. Our capillary domain is the region inside the
tongue’s boundary. Vessel A connects two arterial networks, while Vessel B connects two vein networks.

Table 1. Vascular model parameters.

parameter i reference

capillary model size (two-dimensional) 515 x 634 pixel —

real size 309 x 38 mm [23]
porosity of the capillary bed (¢) 0.1 dimensionless [12]

permeability of arterial compartment (K) 3x107° mm? 41
permeability of venous compartment (K,) 6x107° mm’ [41]

perfusion parameter (c) 5x107* kg™ mm s~ B3]

: viscosity of blood () 3.107° kPa s~ B

artery inlet pressure 30 mmHg [22]
vein outlet pressure 7.5 mmHg [24]

s’ o (1) St dmesones D8

arterial vessel wall thickness ratio 0.22 dimensionless [24]
venous vessel wall thickness ratio 0.1 dimensionless [24]

Both the arterial and venous network structures consist of two main vessels (left and right). Our
network structure was based on an image segmentation of these using the method in [40]. The small
arteries and veins that are near the roots but not visibly connected to the main vessels were discarded
in our segmentation, as we need control over inlets and outlets.

We observed that both the arterial and venous networks have some level of anastomoses. The two
arterial networks are connected in the uppermost part of the tongue (point A in figure 3) by a small
vessel, and the venous networks are connected in the middle of the tongue by a large vessel (point
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B). These connected structures have a regulation effect, maintaining blood circulation for the whole organ [ 9 |

when some vessel is severed or occluded.

The frog tongue model parameters for our simulations are found in table 1. The real size of the image
was estimated based on information from the original source [23]. The pressure inlet is defined as the
blood pressure in an average adult frog Pseudis paradoxsus [22], and the pressure outlet is assumed to
be equal to the average vein pressure in a male frog Rana pipiens mesentery [24]. The vessel elasticity
parameters were chosen based on the mechanical properties of vessels around those sizes [21,27,28].
The isotropic and homogeneous permeability of the capillary bed was estimated using a simplified
Darcy in scalar setting

%: —%i—lz, B=a0, (222)
with frog cerebral cortex values as reference data [42]. The blood velocity is approximately 0.5 mm s~ in
an arteriole with length of 2mm for a pressure drop of AP=7.5 mmHg. We obtain an estimated
permeability of 1.2 x 10™° mm®. However, the value was adjusted in the simulation (refer to table 1) to
match a normal blood flow in veins vessels based on the experimental data in Rana pipiens, which is
166.61 +21.33 um s~! (mean = standard deviation) in the veins with a radius around 10-20 um [42].
The venous capillary compartment was assumed to be twice as permeable as the arterial capillary
compartment.

3. Results and discussion

Using the model proposed above, we have simulated blood flow in several numerical experiments: a
baseline model simulation, partial models and linearized simulations, and simulations with vessel
occlusions. In particular, the occlusion experiments demonstrate possible applications to the study of
blood circulation for an alteration or pathology of the vascular system.

3.1. Baseline model

The baseline model is the fully nonlinear model with nonlinearities due to both pressure drop at
junctions as well as vessel elasticity. It was based on equations (2.1), (2.2), (2.4), (2.10), (2.5), (2.12)
and (2.13). Figure 4 shows the computed pressure distribution in the whole vascular domain. The
simulated pressure distribution has a good resemblance to the experimental data on Rana pipiens
mesentery in [24]. We see a stronger agreement with the data for the big vessels compared to the
smaller vessels close to the capillary bed (labels a and b in figure 4). The smaller vessels appear to
have an overestimated pressure exceeding the observed data slope. This may be caused by
rounding discretization effects as the vessel radius approaches pixel size. Further, the frog tongue
vascular image from the textbook [23] was hand-drawn with a pen, with no emphasis on
estimating diameters. In addition, the tongue was flat-streched, thus deformed from its original
shape. The inaccuracy of vessel radii caused by a combination of the three above-mentioned
reasons may result in a lower pressure drop across the vessel compared to the anatomically realistic
pressure drop (label a in figure 4). We might expect the flow pattern in the system to be impacted
accordingly.

The total computational time for the baseline simulation is 82.6s, with the nonlinear equation
(2.21) taking 63.1s to solve. The total pressure drop in the whole system was 22.5 mmHg (table 1),
with the arterial network being the major contributor (71.6% of total). Further, the arterial
compartment contributed with 2.7%, the venous compartment with 2.8%, and the vein vascular
network had a 5.15 mmHg pressure drop (22.9%). These values are in a realistic range and indicate
the importance of the arterial vascular structure to provide the blood circulation through the whole
organ. If there is an alteration on an arterial vessel, its impact for the blood circulation will be
greater than for a similar vein alteration. The pressure distribution is consistent with the
distribution on humans or other animals [25,43,44]. From figure 4, we see that the arterioles are the
biggest contributor to the pressure drop in the whole vasculature. The arterioles with a radius less
than 100 um provided 80% of the total pressure drop in the arterial network. In contrast to our
result, the numerical experiments in [45] show that the smallest capillary vessels (r<5 um)
contribute the most resistance in the mouse cortex micro-circulation simulation. Their
haemodynamic modelling was conducted in a micro-scale vascular network with diameter less
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arteriole capillary bed venule

#* artery vessels
vein vessels
35+F —— artery capillary compartment
—— vein capillary compartment
experimental data from male
Rana pipiens (Gore [24])
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Figure 4. The static blood pressure distribution from our simulations has good estimation across the whole vascular system. The
computed pressures (asterisks) follow the effective pressure from experimental data (brown solid line), the light brown area
representing the variation from several experimental data measurements [24]. Our simulations produce some overestimation in
the small arteriole (label a) and venule (label b) regions. The inaccurate simulation pressure is likely caused by vessel
diameters in the range of the pixel size, so that the rounding of the vessel radius in the segmentation is in mismatch to the
true value.
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Figure 5. The pressure distribution for the baseline model: the segment thickness in the vascular graphs is proportional to the flow
rate passing through it and the local pressure distribution in the Darcy domain. () The arterial network structure and the arterial
compartment with pressure ranging from 7.6 to 11 mmHg (8.6 + 0.7 mmHg). The right arterial vessel input provides 16% more
blood flow compared to the left vessel, causing higher pressure in the right area. (b) The vein network structure and venous
compartment with pressure ranging from 7.4 to 10.8 mmHg (8.5 + 0.8 mmHg). The right vein vessel output has 4.3 times
more blood flow than the left vessel, playing a vital role in blood distribution in the vein compartment.

than 50 um, which, in our simulation set-up, is inside the range of the capillary bed (modelled as a
Darcy domain). Hence, this particular detail could not be captured in our experiment due to the
difference in the simulation scale and set-up.
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Table 2. Numerical simulation results for several experiments: flow resistance, like the electrical resistance, is equal to the total [}
pressure drop divided by the total volumetric flow in the system, R = (P, — Pout)/Q (kg mm™* s™"). The indexes ay and vy, refer
to the arterial and venous vascular networks, the indexes a and v, to the arterial and vein capillary compartments respectively.
The total computational time for simulation is denoted by t, while t refers to the time for the solution of the system (2.21).

simulation Qo (MM* s Rigrar (kg mm~*s77) tror(tys) (5)
baseline model® 1.644 1.825 1306 0418  0.049  0.051 826(631)
clasicty model” 1646 183 1307 0416 0049 0051 665 (1)
s s oo om oo s g
s e e o o o e
B T o
artery2 ocdusion® 1286 2332 1819 0411 0050 0052 3741
T
vein-2 ocdusion” 1554 190 1320 0488 0060 0062 1571
e aw awmam om e o
artery-2 occlusion  1.339 2240 1850 0359 0016 0015 201
S o S
ve|n20cclu5|on 1.709 1.755 1319 0.401 0.018  0.017 20.1

"‘Basel/ne model refers to the fuIIy nonllnear model
bElast/aty model: baseline model omitting the pressure drop at junctions equation (2.2).
“Junction model: baseline model omitting the elasticity equation (2.5). Occlusion: a 50% reduction of the original artery/vein radius.

In [17], the authors demonstrated a qualitatively comparable result to the experimental data using
isotropic and homogeneous porous media as the capillary bed in the human cerebral cortex. Our
result shows a similar agreement, that is, the dual Darcy compartment provided a good
approximation as a replacement for small arterioles, venules and capillaries (see the capillary pressure
drop in figure 4). The defined capillary bed covered not only capillaries but also unresolved vessels
with diameter less than 60 um, in which small arterioles and venules are covered. Figure 5 shows the
local pressure distribution in the capillary bed. It was observed that the pressure is high around the
top edges and low in the left bottom edges of the domain. This result is related to the vascular
structure having a small number of branches from the arterial input vessel in the lower region.
Pressures at the right area for both compartments are high compared to the left region, reflecting the
blood distribution in the vascular network. The right arterial vessel input provides 16% more blood
flow compared to the left vessel and the right vein vessel output has 4.3 times more blood flow
compared to the left vessel.

Note that there is a good correlation between the pressures in the arterial and venous compartments,
see figure 5, as the pressure follows the same distribution in both compartments. The pixel-wise pressure
difference between the compartments is expected to be the driving force for local perfusion.

3.2. The partial models and the linearized model

The simulation with the linearized model follows the same set-up as the baseline model, but without the
nonlinearities due to vessel elasticity and pressure drops at junctions. We have also tested a setup
involving only one of the mentioned nonlinearities at the time (partial models). The macroscopic changes
caused by each nonlinearity were compared across the entire system, including the total volumetric flow,
total flow resistance and average resistance of the model components. Flow resistance, like an electrical
resistance, is equal to the pressure drop divided by the volumetric flow in the system, R = (P, — Pou)/Q
(kg mm™*s7"). The flow resistance of the model component is an approximation; for example, the pressure
drop in the arterial network is the difference between the average pressure at the arterial network
terminals and the input pressure. In this section, the models are defined as:

— The Elasticity model: baseline model omitting the pressure drop at junctions equation (2.2).
— The Junction model: baseline model omitting the elasticity equation (2.5).
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— The Linear model: fully linear model omitting both equations (2.2) (pressure drop at junctions) and
(2.5) (elasticity equation) from the baseline model. The linearized model coincides with the model
considered in [3]. The solution of this model is used as the initial value for the nonlinear solver in
the other models.

3.2.1. Elasticity model

The vessel’s elasticity operates similarly to the capacitance in an electrical system. Thus, elasticity can
maintain pressure constant by increasing or decreasing the vessel radii. However, this effect also gives
additional resistance to blood flow, equivalent to impedance in electricity. Table 2 reports and
compares the flow resistance in the system, which is equal to the total pressure drop divided by the
total volumetric flow and is analogous to an electrical resistor.

The arterial vessel tends to expand if the pressure in the surrounding Darcy domain is lower than
vessel inner pressure. On the other hand, the vein vessel tends to tighten and increase resistance. In our
experiments, the elasticity model gives a total resistance of 1.823 kg mm™*s™" (table 2), which is smaller
than the baseline model. The elasticity model provided some small differences in arterial flow input and
the resistance distribution compared to the baseline model. The computational time is less than the
baseline, with the nonlinear system being solved in 47.1s (table 2). The elasticity model has a shorter
running time because it only modifies the Poiseuille equation (2.1) by removing the junction term from
the baseline model. The linear model solution is used as the initial value for the nonlinear solver.

3.2.2. Junction model

The pressure drop at the junctions increased the total resistance in the vascular structure, both in
arteries and veins [20]. It is also causing the total blood flow in the whole system to decrease, since
the volumetric blood flow, Q, changes according to the relation AP =RQ. This bifurcation set-up is
known as pressure matching at a junction node, which introduces nonlinearity in the flow model [34].
The resistance distribution in the whole system is 0.00069 kg mm™* s~ bigger than the baseline model
resistance (after rounding the values, the difference is lost in table 2). The junction model takes
slightly longer time than the baseline model, mostly due to taking a longer time to achieve
convergence in the nonlinear system.

The junction and the elasticity models only incorporate one of the nonlinear equations into the system
at a time. Both simulations give results almost similar to the simulation with the baseline model. These
results indicate that the effect of the junction pressure drop and the vessels elasticity do not stack up
when combined. Indeed, the elasticity decreases the resistance built up by the junction pressure drop
relaxing the vessel walls across the network. In this comparison setup, both nonlinearities play an
essential role in describing blood regulation in the organ.

3.2.3. Linear model

This model is the fully linear setup based on equations (2.1), (2.4), (2.10), (2.12) and (2.13). The total
resistance in this model was lower compared to the above models, thus allowing a larger volumetric
blood flow (table 2). The arterial structure provided 77.1% of the total resistance and venous structure
20.9%, the Darcy compartments contributing only 1.0% and 1.0% of the total value. This is a notable
change in resistance distribution compared to the partial models and the baseline model. The total
resistance was reduced by 6.3% with respect to the baseline model. This result is consistent with
another independent study [19], in which it was found that the average resistance underestimation
using a fully linearized one-dimensional blood flow model was in the range 4.6-6.4% for human
cerebral networks modelling. These findings indicate that, by removing all nonlinearities, both the
total resistance and the resistance distribution of the system are altered (table 3) .

3.3. Occlusion in root vessels

In this section, we demonstrate how our model framework can be applied to understand the blood flow
regulation due to pathology or network alterations. A series of simulations were performed by occluding
one root vessel at a time, in each network. The occlusions were in a range between 5% and 100% of the
original vessel radius (figure 6). When the occlusion reaches 80% of the initial radius value, the resistance
becomes almost constant, for both arteries and veins, and for both baseline and linear models. The
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Figure 6. The vascular system resistance R as a function of the occlusion rate in vessels: (a) Resistance estimates for occlusions,
baseline model. (b) Resistance estimates for occlusions, /inear model. The occlusion rate (x-axis) in a vessel varies from 5% to 100%
of the original radius for each simulation. Arteries 1 and 2 refer to a segment in the right and left big vessel of the arterial structure.
Veins 1 and 2 refer to a segment in the right and left big vessel of the venous structure. The artery occlusions cause an increment of
the macroscopic flow resistance in the whole system for both the baseline and linear models. For the vein 1 occlusion, the entire
vascular resistance is almost constant (3% of the original total resistance). By contrast, the increment of the total resistance in
vein 2 occlusion shows that the vein 2 plays vital role in draining blood from the organ tissue. This effect is only observed in the
nonlinear simulation, while the linear model failed to capture this anomaly.
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Figure 7. Pressure drop distribution in the capillary compartments with simulated occlusions (marked by black circde) computed
with the baseline model. (a,b) Pressure drop distribution for artery occlusions are not mirroring each other due to the asymmetric
structure of the arterial network with artery 1 occlusion generated bigger pressure drop. (c) Even with a negligible change in the
macroscopic pressure drop (table 2), the pressure drop distribution in vein 1 experiment shows a notable pressure drop distribution
for both compartments. (d) A higher pressure gradient between several terminal nodes in the bottom right corner enhances blood
flow through the venous vessel rather than in the venous capillary. This microscopic alteration can occur with small change in the
macroscopic flow.

occlusion experiments in the baseline model take considerably longer to run than the non-occluded
experiments, due to the time required to achieve convergence in the nonlinear system (2.21). The
occlusion location and the initial values determined using the linear model solution may be the cause
of the large difference in convergence time (table 2).

3.3.1. Artery occlusion

Artery 1 and artery 2 occlusions generated expected results, increasing total resistances for both the
occlusion on the baseline model and the linear model. The pressure above the occluded part of the
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structure was notably lower than the rest. Furthermore, the artery 1 occlusion caused a steeper pressure [ 15 |

gradient (left to right) compared to the artery 2 occlusion (figure 7a,b). This is due to the asymmetric
structure of the left and right of the arterial network.

Table 2 reports a summary of the occlusion experiments with both baseline and linear models. Note
that occlusions in the arterial roots increase resistance in the arterial structure and decrease total flow into
the system. The driving pressure has to be raised around 20% compared to the non-occluded model to
keep a similar volumetric blood flow. The artery 2 occlusion had a higher total resistance because the
artery 2 vessel provides 16% more blood flow compared to the artery 1 vessel in the baseline model
(figure 5). It shows that a prior higher blood flow in the occluded vessel will, in general, cause a more
severe change to the system resistance. For artery occlusions, the linear model performs similarly to
the baseline model, particularly for fully occluded vessels.

Figure 7 shows the pressure drop in the capillary compartments. Experimental studies of
penetrating arteriole occlusion demonstrate similar effects. Table 3 summarizes the comparison
between our findings and previous studies in the occlusion experiment. The observation in [46]
reports a pressure drop in a region close to the occluded vessel and tissue hypoxia was detected in 6
h post-occlusion. The impact of vessel occlusion in penetrating arterioles in animal and human cortex
has been studied both experimentally and numerically [2,46-48,51]. Although the two-dimensional
frog tongue in this work differs extensively in terms of anatomical and functional properties to the
cerebral cortex, the results show a good agreement for artery occlusion. In our simulation set-up, with
only a pair of arteries and veins penetrating the capillary bed, the occlusion of one of the two main
vessels had a more notable effect than for one vessel occlusion in the cerebral cortex, having instead
several penetrating arterioles and venules [2,46].

3.3.2. Vein occlusion

The numerical results for the occluded venous networks show that the resistance changes for vein 1 and
vein 2 occlusions had different character. While the vein 1 occlusion resulted in an almost constant total
resistance, the vein 2 occlusion provided a resistance increase.

For the vein 1 occlusion, the total resistance only changed around 3% of the baseline model,
regardless of the occlusion percentage. This was due to vein 2 having 4.3 times more blood flow than
vein 1, so that blood was drained from the vein compartment mainly through the vein 2 vessel. We
also observed that the downstream vessels from the occlusion point were able to support blood influx
from nearby terminals with an almost constant volumetric flow. In the converse situation, the vein 1
vessel could not support the blood flow when the vein 2 vessel was collapsed.

The vein 2 occlusion effects were consistent with venule occlusion in [2]. It generated a notable total
resistance compared to the arteriole occlusion, except the capillary pressure increased instead of
decreasing. In our simulation, the pressure drop in the vein 2 occlusion is less than for the artery
occlusions (figure 7).

The simulated occlusions, both in arteries and veins, had a detectable impact to the blood circulation
in general. These results are in good agreement with the experimental result on occlusions of one
penetrating arterioles and venules in rats cortex (table 3) [46].

Without being necessarily physiologically consistent, the linear and baseline models occlusion results for
vein 1 illustrate the models” capability to account for collateral circulation effects. A finer tuning of the
modelling parameters may enable the system to maintain a close-to-constant net flow in varying
anatomical setups. Yet, the present structure of the venous network has a good collateral circulation and
maintains blood circulation in the whole system. This condition was mainly supported by the existence of
anastomosis in the form of a big connected vessel in the venous network system, that allows flow across
both sides of the vein network. These phenomena were consistent with the experimental result in [50],
which showed that occlusion of one surface venule left the system’s blood regulation almost unchanged
when a collateral vessel provided a new drain.

Our vessel occlusion experiments do not take into account possible anatomical auto-regulating
changes that can occur in the system over time. After a certain period, a real vascular system may
change or heal to compensate for a blood circulation imbalance. This is a limitation of the model at
present. An adaption of the model to allow for vessel tree growth would be highly interesting for
instance in infarction modelling, but it is outside the main scope of this paper.

The resulting pressure distribution change in the venous compartment allows for blood going
through the veins more than once and thereby also causes reduced blood flow in the capillary bed.
Figure 7d shows an example of blood flow in the reverse direction due to a high-pressure difference
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in the venous Darcy compartment. Higher pressure gradients between several terminal nodes in the [ 16 |

bottom left corner make blood flow through venous vessels rather than in the capillary bed. In the
vein 2 occlusion, around 5% of blood flow direction in the venous vessels was reversed, 28% of
venous vessels had an average 23% blood flow increase, while the remaining vessels had a decrease
of 16%. This result was also shown in the experimental result in the venule occlusion [50]: cortical
ascending venules occlusions caused blood flow decrease and reversed flow direction (table 3). They
also observed a radius dilation up to 25%, while the radii dilation in our simulation was less than 5%.
The simulation design and parameters are crucial in determining vessel change, which may allow for
greater radius dilation similar to experimental values.

4. Conclusion

We have introduced a nonlinear multi-scale modelling framework incorporating important features
of blood flow in a full organ vasculature. The model is demonstrated using a two-dimensional
geometry domain and vasculature from a frog tongue [23]. Our numerical experiments indicate that
the modelling complexity is sufficient to account for important physiological and structural features.
The combination of the explicit vessel representation and a generic Darcy model representation yields
realistic full-organ simulations, without having a detailed knowledge of the local microvasculature.
The framework is also highly flexible allowing for inclusion of other local nonlinear processes.

In the numerical experiments, the baseline simulations are in good agreement with empirical data from
a male frog Rana pipiens mesentery [24]. Further, we conduct simulations with a pressure drop distribution
in the whole vasculature consistent with the average distribution in other animals as well as humans
[2543,44]. The linearized simulations indicate the nonlinearities have an impact on the system. The
simulations with partial models suggest that the nonlinear effects of vessel elasticity and pressure drop
at vessel junctions do not stack up when combined, indicating that the two compensate for each other.

We illustrate the modelling potential by applying the method to vascular occlusions. Vessel networks
alteration simulations confirm that both local and global blood circulations in the vascular system
depend on the vascular structure. In our simulations, the existence of an anastomosis in form of a big
connected vessel in the venous network system has an important role in maintaining blood circulation
when a main root is occluded. We illustrate how an occlusion in the venous structure alters the
microscopic flow resistance, while at the same time has negligible effects on the macroscopic flow.

Our simulations indicate that it is important to simulate the complete vascular system including the
venous system, and not just the arterial system. In line with [50], our results of the venous occlusion
experiments emphasize the importance of introducing elasticity and nonlinearities to provide a more
accurate simulation of the blood flow.
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