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HOMOGENIZATION OF NONLINEAR BLOOD FLOW IN PERIODIC
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Abstract. In this work we develop a homogenization methodology to upscale mathematical de-
scriptions of microcirculatory blood flow from the microscale (where individual vessels are resolved)
to the macroscopic (or tissue) scale. Due to the assumed two-phase nature of blood and specific fea-
tures of red blood cells (RBCs), mathematical models for blood flow in the microcirculation are highly
nonlinear, coupling the flow and RBC concentrations (haematocrit). In contrast to previous works
which accomplished blood-flow homogenization by assuming that the haematocrit level remains con-
stant, here we allow for spatial heterogeneity in the haematocrit concentration and thus begin with
a nonlinear microscale model. We simplify the analysis by considering the limit of small haematocrit
heterogeneity which prevails when variations in haematocrit concentration between neighboring ves-
sels are small. Homogenization results in a system of coupled, nonlinear partial differential equations
describing the flow and haematocrit transport at the macroscale, in which a nonlinear Darcy-type
model relates the flow and pressure gradient via a haematocrit-dependent permeability tensor. Dur-
ing the analysis we obtain further that haematocrit transport at the macroscale is governed by a
purely advective equation. Applying the theory to particular examples of two- and three-dimensional
geometries of periodic networks, we calculate the effective permeability tensor associated with blood
flow in these vascular networks. We demonstrate how the statistical distribution of vessel lengths
and diameters, together with the average haematocrit level, affect the statistical properties of the
macroscopic permeability tensor. These data can be used to simulate blood flow and haematocrit
transport at the macroscale.
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1. Introduction. The microcirculation is a complex network of vessels whose
primary function is to distribute oxygen and nutrients to the tissues and remove waste
products. Due to the large number of vessels and their characteristically small diam-
eter, the microcirculation also plays a major role in blood flow resistance. In diseased
states, increases in blood-flow resistance can lead to increased blood pressure and risk
of cardiovascular events such as stroke [24, 26]; additionally, the abnormal structure
of the microcirculatory network in tumors, characterized by many immature leaky
vessels and small inter-branching distances, leads to inefficient and inhomogeneous
distribution of oxygen, which can manifest as tumor hypoxia [20, 29], and have poor
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consequences in terms of tumor prognosis. Therefore, it is of evident interest to gain
a better understanding of how the structure of the microcirculatory network affects
blood flow.

State-of-the-art imaging modalities (e.g., [4, 8]) can now generate detailed in-
formation about microcirculatory networks with high fidelity and spatial resolution.
However, numerical simulations of blood flow and the associated transport of oxygen
at the scale of entire tissues is still too computationally intensive to conduct, even for
relatively small volumes of tissue. This is especially true when the intrinsic nonlin-
earities of blood flow (see below) are taken into consideration and when the flow is
unsteady.

One solution to the problem of resolution over large volumes of tissue is to re-
place the microscale mass and momentum balances with an upscaled representation.
This is particularly effective when microscale information is not critical for the mod-
eling goals. One such methodology that has been applied successfully in a variety of
fields across science and engineering is the method of multiple-scale homogenization.
A useful feature of this approach is that the microstructural properties of the vascular
network are related to the macroscale transport properties in a coherent and predict-
able way. Thus, homogenization of blood flow in vascular networks can leverage the
(nowadays) available microscale data of network structures (e.g., [4, 8]) to generate
predictions regarding measurable distributions of flow and oxygen transport at the
macroscale (e.g., [14, 27]).

Within the homogenization framework, a representative volume is considered such
that a separation of length scales is achieved. In other words, the characteristic length
scale of the representative volume is sufficiently smaller than the macrosopic length
scale (defining, for example, the tissue comprising an organ). While vascular networks
do not always allow definition of a representative volume, at the scale of the network
of the smallest microcapillaries, this approximation is reasonable due to the homoge-
neous, space-filling nature of the capillary bed [25]. The equations governing the mi-
croscale problem in the representative control volume are asymptotically expanded in
powers of the ratio of the micro-to-macro length scales. This procedure results in solv-
ability conditions in terms of governing equations for the propagation of the leading-
order solution at the macroscale. In the specific context of low-Reynolds-number,
fixed-haematocrit flow in networks, the homogenization process results in a Darcy-
type equation relating the flow and pressure gradient through an effective permeability
tensor which depends on the geometry of the representative microscale network [7].

Blood flow in the microcirculation (specifically in the small-arteriolar and capil-
lary regions) is slow (U ~ 1mm/s), the characteristic diameter is small (D ~ 10 um),
and a typical value of the kinematic viscosity of blood is v ~ 1mm?/s. Consequently,
the Reynolds number (Re =UD/v), describing the ratio of viscous and inertial terms
in the momentum balance, is very small (Re ~ 0.01 < 1). For simplicity, blood is
often viewed as a Newtonian fluid which, together with the low-Reynolds dynamics,
justifies the use of a linear, Stokes-flow model. However, this approximation ignores
some of the complexities arising from the particulate nature of blood; red blood cells
(RBCs) are deformable particles that occupy a significant proportion of the blood
volume (typically ~45% in large vessels, but can be somewhat lower in the microcir-
culation [3]). The high elasticity of the RBCs, coupled with the shear forces induced
by the plasma flow, affect RBC migration in several ways, the most important of
which is their tendency to migrate transversely, away from the vessel wall, leaving a
cell-free layer in the vicinity of the wall. This transverse migration alters the resis-
tance to blood flow as the haematocrit volume fraction and vessel diameter change,
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a phenomenon known as the Fahreeus—Lindqvist effect [10]. To account for this ef-
fect in continuum models for blood flow, Pries et al. [34] derived an empirical model
for the apparent viscosity of blood as a function of the discharge haematocrit (ratio
of RBC flux to total flux) and vessel diameter. The existence of an RBC-depleted
layer in the vicinity of the vessel wall introduces an additional complexity of blood
flow—a nonlinear biasing of the haematocrit flow at a vessel bifurcation towards the
daughter branch with the higher flow, a phenomenon known as “plasma skimming”,
which leads to an inhomogeneous distribution of haematocrit in the vascular network
[33]. Together, the effects of the haematocrit-dependent viscosity and biased haema-
tocrit splitting at vessel bifurcations result in a highly nonlinear system of equations
coupling haematocrit concentrations and flow rates in different vessels of a network.

The aforementioned nonlinearities have been shown to drive the emergence of
multiple equilibria and oscillatory dynamics in irregularly-structured vessel networks
[1, 21, 22]. Many previous papers on the topic of homogenization of blood-flow (e.g.,
[6, 9, 30, 37, 38, 41]), assumed a constant haematocrit so that the nonlinearities as-
sociated with spatially varying haematocrit were neglected. In this work we maintain
the spatial variation of haematocrit, and account for the resulting nonlinear properties
of blood in our homogenization methodology. This approach requires the momentum
and haematocrit balances to be coupled. We found that if vessel diameters are suffi-
ciently large (>>1 um), the splitting phenomenon at vessel bifurcations is subdominant
such that, at leading order, the average-macroscopic haematocrit is merely advected
by the average flow. In turn, the uniformity of haematocrit at the microscale (it
changes only on the macroscopic length scale) results in a nonlinear Darcy relation
between the macroscale flow and pressure gradient, where the permeability tensor
depends on the macroscopic haematocrit.

The remainder of this manuscript is structured as follows. In section 2 we de-
scribe the model for blood flow in vascular networks. We present the homogenization
methodology in two parts: in section 3 we extend the homogenization procedure devel-
oped by Chapman and Wilmott [7] for homogenization of flow in networks to account
for vessel conductances that are haematocrit-dependent. This yields a Darcy-type
equation in which the permeability tensor is a function of the haematocrit. Then,
in section 4 we close the system of equations by introducing our approach for ho-
mogenization of haematocrit propagation which is based on an assumption of small
haematocrit heterogeneity (small deviations from uniform haematocrit). The result-
ing macroscale homogenized model is summerized in section 5. In section 6 we val-
idate the convergence of the network model to the homogenized description. The
permeability tensor, included in the homogenized model, contains details about the
structure of the microscale representative network. In section 7 we present results for
the permeability tensor as a function of the haematocrit level and the geometrical and
topological features of the elementary network (i.e., the representative volume). This
paper concludes in section 8 where we summarize our findings and outline possible
directions for future research.

2. Model for blood flow in vascular networks.

2.1. Model for blood flow in a single vessel. In this section we explain
how we relate the blood flow through a single cylindrical vessel to the pressure dif-
ference between its ends (nodes). We denote by p! the pressure at node ¢ and by 4
and h;; the flow rate and haematocrit fraction (the ratio of RBC flow to the total
flow), respectively, in the vessel connecting nodes i and j. Here, and throughout this
manuscript, asterisks denote dimensional quantities.
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We begin by describing the flow in a single vessel segment. Thus, for each vessel

segment, 75, conservation of fluid mass yields the relation

dq;;
(2.1) L =

ox*
Here, z* is the coordinate coincident with the vessel axis. Consequently, we have
that g;; is uniform along each vessel segment (but may vary between segments). Our
approach requires that we know both the distribution of pressures among segment
nodes, and the haematocrit in each segment. As standard for haematocrit, we assume
that it is transported hyperbolically, which is equivalent to assuming that the Péclet
number is sufficiently large. Thus, assuming a steady-state flow, conservation of
haematocrit is given by

0
pre (qi;hiz) =0,
where ¢;;h;; represents the RBC flux (and where 0 < h;; < 1 represents the RBC
fraction). By combining (2.1) and (2.2) it is immediately apparent that h;; does not
vary with the position in a given vessel.

Since we focus on blood flow in the microcirculation, we assume low-Reynolds-
number flow and that the pulsatile variations in flow are sufficiently damped that
steady-state flow conditions prevail. Each segment is assumed to be cylindrical, with
a uniform diameter, d;;, whose length, [, is much larger than its diameter. Under
these assumptions, the flow satisfies Poiseuille’s law,

™ dif (v — )

128 1 g (hig, dig) SR
Here, the apparent viscosity of blood is given by u{u, where pfy represents the plasma
viscosity and p is a nondimensional function which represents the effect that the
haematocrit fraction, h;;, and vessel diameter (d;; = d;;/d}, denotes the dimensionless
vessel diameter, with dj; =1 um) have on the effective blood viscosity. The vessel
diameter is scaled by d, in the viscosity function for consistency with the functional
form proposed by Pries et al. [34] to model the empirical blood viscosity. The explicit
expression for the blood viscosity used in this work is detailed in Appendix A and is
based on the model of [34].

Upon translating the balances to dimensionless form, we scale diameters of vessels
by d§, a representative vessel diameter in the network, which is typically much larger
than 1 pm (dg > d3,); and vessel lengths by a reference length, /5. Additionally, we
introduce the macroscopic length scale, A, representing the characteristic size of the
full vascular network (i.e., a network containing a large number of vessels), such that
we can define a small parameter € as follows:

(2.2)

(2-3) q:j =

l*
2.4 e=-2L <1,
(24) A<
The pressure is normalized by the macroscopic pressure difference, Ap{, represent-
ing the characteristic magnitude of the pressure difference between the macroscopic
boundaries. Accordingly, we scale the flow by I'y = md3* Apg /(128 A§ 1) to obtain the
nondimensional equation

Gii

(2.5) qij = —%(pj — i),

where the nondimensional conductance, g;;, is given by
d2.

Lijpu(hig, dij)
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2.2. Model for blood flow in a periodic network. In this work, blood flow
is represented as occurring in a network of vessel segments (edges) that are connected
at bifurcations (nodes). For closure, we assume periodicity of the network such that
it forms a tessellation of periodic unit cells filling the macroscale domain. In studies
which analysed the statistical properties of vascular networks [25], the capillary bed
was found to have a homogeneous distribution of vessel properties across large length
scales. Therefore we can view it as if it is composed of repeated tessellations of
a specific microstructure. We note that using microscale periodicity to represent
the effective properties of the macroscopic domain is common in the literature and
heuristically acceptable in the context of Poisson-type problems, such as those that
arise in studies of porous-medium flow [32, 42]. Motivated by the similar nature of
porous-medium and network flows, we postulate that the periodic-microcell approach
is applicable when considering blood flow in vascular networks.

In line with the microscale periodicity assumption, each unit cell is composed of
N nodes, connected internally by edges, and is interconnected to a number of identical
neighboring unit cells. The (spatially uniform) set of relative displacements between
identical nodes in neighboring unit cells defines the periodic pattern of the network.
Following [7], we denote the relative displacement vector by r o L, where L is the
vector of unit-cell dimensions and o marks the Hadamard product; r indicates the
direction of displacement in cell-length units.

In periodic networks, two nodes in neighboring unit cells may be connected via
either “inlet” or “outlet” vessels. Within each unit cell, there are exactly N nodes.
Any such node may be connected to any of the other N — 1 nodes within the unit cell,
or to nodes that belong to adjacent unit cells. Thus, in order to fully describe the
periodic unit cell, the vessels spanning more than one unit cell must be appropriately
identified. For that purpose we follow [7] and denote each vessel by a double-small-
letter-subscript, 47, marking its end nodes, together with a superscript r, where r
represents a displacement vector specifying an adjacent unit cell. Accordingly, the set
N={0,ry,...,rn, o} defines the set of edge displacements, where N,q; is the number
of neighboring unit cells. Here, r = 0 will mark a vessel whose coordinates ¢ and j are
both within a single unit cell; the remaining N,q; elements of A specify the displace-
ments for the remaining edges that begin with one of the IV nodes in the unit cell but
terminate in an adjacent unit cell. Figure 1 shows a schematic of a periodic network,
where some examples for the convention used to define the different edges are shown.

For simplicity of notation, we will sometimes use a single capital-letter-subscript,
J, to denote a vessel so that the transformation between vessel index and its corre-
sponding double-node indices is unique. For example, the haematocrit in vessel J
can also be represented as the haematocrit in vessel joji1 where jo and j; are the end
nodes of vessel J, hy =R} ; . Its periodic counterpart will be denoted by h ; = hj_lg'o'

At this juncture, we specify the system of equations governing the flow in the unit
cell. By applying conservation of flow at each node, i, we write

N N
(2.7) Zqujzzzgfj(pj—pi)ZO, fori=1,..,N,

reN j=1 r j=1

where the summation is over all r € A/ covering both cell-internal vessels and vessels
connected to each of the neighboring unit cells. Here, 9i; =0 if nodes i and j are not
connected under the orientation defined by r.

In order to close (2.7), the conductance, gi; = gj;(hi;), must be evaluated.
Accordingly, the distribution of haematocrit in the vessel network must be deter-

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/18/24 to 129.67.186.255 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

HOMOGENIZATION OF BLOOD FLOW IN PERIODIC NETWORKS 1503

Fi1G. 1. Schematic of a two-dimensional (2D) periodic network. Each unit cell in this ex-
ample network is composed of 16 mnodes, 18 cell-internal edges (black), and 12 edges span-
ning more than one unit cell (blue). In this specific exzample, L = (L',L?) and N =
{(0,0),(1,0),(-1,0),(0,1),(0,-1),(1,1),(—1,-1)}. Some examples for the convention used to de-
scribe the edge conductances, gfj, are shown in this figure. (Figure in color online.)

mined. In general, the haematocrit in a vessel depends on the haematocrit and flow
in its parent vessel(s) [33]. Therefore, three different types of vessel exist in each unit
cell, as illustrated in Figure 2: (i) vessels emerging from bifurcating flow junctions;
(ii) vessels originating from converging flow junctions; (iii) vessels originating from
nodes in neighboring unit cells (“inlet vessels”). Here, we define the haematocrit in
each vessel as

(28) hJ:FJ(th,QJP), fOI“JZl,..,]\f7

where J,, is (are) the parent vessel(s) of vessel J, and F; depends on the type of the
vessel; we postpone its definition to section 4. The number of vessels in the unit cell,
M, refers to all the vessels that are connected to at least a single node in the unit cell.

Equations (2.7) and (2.8), together with (2.5) and (2.6), constitute a coupled
system of nonlinear equations for p; (i=1,...,N), ¢y and hy (J=1,...,M). In this
paper we seek to upscale the microscopic unit-cell-level description given by (2.5)—
(2.8) to the macroscopic level using the method of multiscale homogenization. The
methodology of homogenization of flow in periodic networks was recently formulated
by Chapman and Wilmott [7] for the linear case where the vessel conductances are
independent of the flow. Here, we generalize the methodology of [7] to a case where
the conductances are determined by a viscosity that is nonlinearly coupled to the
vessel haematocrit; the haematocrit, in turn, depends on the flow through interac-
tions at vessel bifurcations. In section 3 we will follow the scheme of [7] to derive
macroscopic equations for the flow in terms of the conductances, gj;. Then, in section
4 we will derive homogenized equations governing haematocrit propagation through
the network so that the conductance can be coupled to the haematocrit through a
nonlinear apparent viscosity function.
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F1G. 2. Exzamples of different vessel types in a periodic unit cell of vascular networks. In this
example, the direction of flow at each edge of the unit cell from Figure 1 was chosen arbitrarily and
was denoted by the direction of the arrow. The different vessel types were then marked accordingly:
(i) vessels emerging from bifurcating-flow junctions (red); (ii) vessels originating from converging-
flow junctions (green); (iii) vessels originating from nodes in neighboring unit cells (blue). (Figure
in color online.)

3. Homogenization of the flow.

3.1. Asymptotic solution for the pressure. One critical difference in this
problem from the work conducted by [7] is that the conductances, g;;, depend upon
spatial location through the coupling with the haematocrit (and, hence, ultimately the
pressure). While the conductance in each vessel segment is constant, the conductance
may be different for each such segment. To spatially identify vessel segments, each
vessel segment is tagged with the coordinate representing its midpoint. Thus, we have

1
(3.1) gfj—gfj<x+2e(xi+xj —|—roL)> .

Here, x is the origin of the unit cell normalized by the macroscopic length scale, Af.
The dimensional position of a node within the unit cell, as well as the length of the
unit-cell, both scale with the characteristic vessel length, such that

x; =Il5x; and L*=I[jL.

Therefore, the normalization by Af yields the O(e) scaling. For notational conve-
nience, we set

1
(3.2) i’{j:x+§e(xi+xj +roL).

We are now ready to write the nodal pressures in (2.7) as a function of their
spatial locations as follows

N
(3.3) Z ngj(igj) [p(x +ex;+eroL) —p(x+ exi)} =0, fori=1,..,V.
reN j=1
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Sidebar: Expansion of the flow fields and network periodicity. At this
juncture, we would like to perform Taylor series expansions for the pressure and con-
ductance in a neighborhood of the cell origin, x. First, it is important to explain and
justify the use of a Taylor series expansion for the conductance which is generally not
continuous at vessel bifurcations (also, while the pressure is continuous, its gradient
is not). Here, we make the case for the conductance, but the same arguments apply
for the pressure.

Consider g;; = G, a vector of conductances of all vessels in a single unit cell.
Then, the expansion of G around the cell origin assumes that the change of a specific
vessel conductance (a single component in G) between unit cells is continuous. As
such, the discontinuity of the conductance at vessel bifurcations (which manifests by
G1+# Gy, where I and J are two vessels connected at a bifurcation) is not important
for the expansion, because we expand each component separately.

The above discussion leads to the explanation of how we impose network period-
icity: Without loss of generality, we can consider two neighboring unit cells, which
are concatenated in the x! direction and numbered n and n+ 1; the unit cells have a
cell-length, eL' in the x' direction. We accordingly define the x'-component of the
origin of the nth cell as (n — 1)eL. Then, the conductance of a vessel originating in
cell n and terminating in cell n + 1 (having an indicator r+ = (1,0,0)) is

rt

rt — _ 1 1 1
gij (n7xzj ) =g ((TL - 1)€LX —+ §€(Xi +XJ + Lx ))

=g (e [(n— ;)Lxl + ;(xﬁxj)]) ;

where g(x) is a continuous and once-differentiable function of the spatial coordinate, x.
Equivalently, the conductance of the same vessel can be written as a vessel originating
in cell n+ 1 and terminating in cell n (with an indicator r~ = —r™):

(3.4)

_ - 1
g5 (n +1,%5; ) =g (neLxl + §e(xi +x;— Lxl))

=g (6 Kn_ ;)Lxl + ;(Xi+xj):|) ;

which is identical to the expression in (3.4). Therefore, the periodicity condition is
given by

(3.5)

rt —rT _ . r =r
(3.6) 9ij (n7xij ) =Gj; (”+ 1,x5 ) .

Noting that the number of the unit cell can be simply replaced by the spatial location
of its origin, we can write the periodicity condition (3.6) in the form

(3.7) 9i5(%) = g5 (%),

such that any variation in the conductance of a specific vessel, ij, between different
cells is accounted for via the dependence on the spatial location, x.

Returning now to (3.3) and expanding it in a Taylor series centered on the cell
origin, x, the result is a series in powers of ¢,
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(3-8)
3 dg*
S s STS J
ZZ G+ ged (a4 ag 4 ) S g
reN j=1 s=1
3 op: 3 p;
X [pj—pi—keZ(xf—krkLk = — Z fax’i
k=1
5 3 2 2 3 3 2
€ k krky/.l Ly O°p; € k1 O°pi
. ; L : L - fpl _Z 20 | =
3 ;;(Ij Lt )8xk8xl 2 kil;x’ i gk od ]

The expansion of g;; reflects the dependence of the conductance on the haematocrit;
later, this will be expanded explicitly in terms of the haematocrit. From here forward,
unless stated otherwise, functions are evaluated at the cell origin, x.

To clarify the notation, the nodal pressures are written as a vector, P = (p1,...,
pn)T. Then, (3.8) can be expressed as a system of N equations in the following
compact matrix form:

, OP ° 3 0P lap 5
(3.9) AP +¢ ZBOa -+ AP| + kg; e ;3 o1 | =0,
where
N
A=) [gfj — by gfm] ;
reN m=1
N
By=_ |(af+r'Lgi; —biat ) gfm] ,
reN m=1
1 > 95, S dy;,
A1:22l2(xf+x§+rslf ”—(5”2296 + x5 +r°L%) ag”s”],
reN Ls=1 m=1s=1 x
1 N
CH= 3 |42 42t~ Byeted 3.
reN m=1
and
3 dg~.
Bl = Z (:Eg —I—TZLZ)Z({Ef + +7‘5L5)—8lz
reN s=1

N 3 8gr
— 0t >N (st + rsLs)a;’:] .

In these expressions, d;; is the conventional Kronecker delta tensor. The structure of
the matricies Ao, A1, B}, B! and C§' depend upon the particular connectivity of the
network.

We aim to solve (3.9) in the limit e — 0 by seeking an asymptotic expansion for
P of the form

(3.10) P=PO 1+ PD L 2p®@ o ...
At this juncture, the conductances are expanded in the form

0
(3.11) 9i; = g”( )+egu S
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The expansion of the conductances will ultimately correspond to the expansion of the
haematocrit; this will be explained in further detail in section 3 [see (4.5) et seq.].

Identities. Defining the [N x 1] vector u = (1,...,1)”, we have the following
identities (these were proved in [7]; for completeness, we reiterate the proofs in
Appendix B):

(3.12a) Ag= AT,
(3.12Db) Agu=A;u=0;
(3.12¢) u’Ag=0
(3.12d) u’ Bfu=0.

Substituting from (3.10) and (3.11) into (3.9), and equating the O(1) terms, we
have

r(0) _
(3.13) Ao(g5;")P@ =0.
Using (3.12b) and (3.13) we can write
(3.14) PO = p(x)u,

showing that, to leading order, the pressure is uniform across the unit cell.
Substituting from (3.14) into (3.9) and equating terms of O(e) we have

3.15 Ao(gFONPD + (Ag(g" M) + Ay ( Bl (gi”) 5 u=0.
(815)  Ao(gii”)PD + (Ao(g}V) + A (g )pu+z 055" 5
Then, using the identity in (3.12b) we have

0 r O ap
=1

From (3.12a) and (3.12b), AT = Ag and Agu =0, such that
(3.17) A (g™ yu=0.

By appealing to the Fredholm alternative, we deduce that since (3.17) holds there is
a solution for P(M) only if

3
T 1, r(0) op o
(3.18) u l_leO(gij )@u—o,

where (3.12d) guarantees that this condition is satisfied for any p. Then, we can write
the O(e) contribution to the pressure as

3

Jp
1 l
(3.19) P =T u+§ woT
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where the two terms on the right-hand side represent homogeneous and particular
solutions, 7T is an arbitrary function, and w! is any vector satisfying

(3.20) Ao(g5”)w! = Bl (g:)u.

Substituting from (3.14) and (3.19) into (3.9), and equating terms of O(€?), we have
r(0) r(1) r(O) [ 1 Op
Ao(gi; )P+ (A (9 7) + A1(gy; )z_;w Ozt
2 a
(3.21) +2:B0 r(0)y 6( u—|—Zwl ) Z (g5 2u
k( Ip
+ZZC ij ka lu+ZB Zj >37 u=0,

k=11=1

QN
"@

where we have used the identity in (3.12b). Then, by the Fredholm alternative, we
obtain the following solvability condition:

(7O > 1 Op. 2 & T B (") ow' op
1935 ZW DD B0 ) e
k=11=1

1

+“TZZC fa(o) ) 5k on z“+“TZBl i) *“ 0,

k=11=1

(3.22)

where the dependence on gfj(l) has been eliminated by using the identities in (3.12¢)
and (3.12d).
We define the symmetric tensor IC,

(323) KM =uT gt Sul BEG)w + S B v

’L

and the antisymmetric tensor €2,

1 r 1 r
(3.24) QM = Zu” B (g )w' — Su” By(g};”)w"
Additionally, we define the vector &,

3

8W r
(325) gl_z TBO( 0))8 - +uTA1(gzg )Wl-l-llTBl(glj(O)) u.
k=1
Then, (3.22) can be written as
0%p
9 ki 1 0
(3.26) Akl +e 8301 0,

where the terms QF! afjgxl vanish since €2 is an antisymmetric tensor.
Identities. We can simplify the terms that appear in (3.23) and (3.25) as follows

(see Appendix C for details):

3 r(0)

(3.27a) u” Ay (g5 )w! =3 ZZZ’"SLS aagis ;

reN i=1 j=1s=1
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N 3 r(0)
Tl r(0) 1 lrl sTs lssagm.
(3.27b) u’ Bi(g;; )u —§ZZZZ[TLTL +225r° L) ER
reN i=1 j=1s=1
1 N
(3.27¢) uTcgl(g:;O))u: 5 Z ZZ [ Epkpl b4 g Llazk +rFLrg l] gfj(o),
reN i=1j=1
N N
r(0 0
(3.27d) uTBg(gij( ))Wl = ZZrkLkwégirj( );
reN i=1 j=1
T kg r(0)) OW' L& k kawé‘ r(0)
(3.27¢) u” B (g;; )W:ZZZZT L gy

Substituting from the identities in (3.27¢) and (3.27d) into (3.23) we have

N N
(328) KM= 2 30505 [P EAAL 4 oL rF DR Rt 4 o ] g
rENz 1j=1

Following [7], we choose

(3.29) w! = —L'v! - X!,
where X! = (z!,...,24)T such that, from (3.20), we have
0 r(0
(3.30) L Ao(g5 )V =~ Ao (g5 )X + Bh (g5 yu= 3" ZT Lyt
reN j=1
Substituting from (3.29) into (3.28) we have
LFL!

Kl _ r(0)

(3.31) K LlLQngZZTT—i-rv—i-rv]g” ,

reN i=1 j=1

where we have relabelled i <> j and r <+ —r and then used the identity in (3.7). We
have also divided (3.22) by L*L2L? in order that K*! will represent the permeability
tensor [see (3.37) et seq.].

It has been shown in [7] that

N
3 DI ) BT
reN i=1 j=1 reN i=1 j=1
Therefore, we can also write K as
LFL}
Kl _ k l r(0)
(3'33) K T oIlI2]3 Z ZZ r +2T Vi gl] ’
reN i=1j=1
Substituting from (3.27a), (3.27b), and (3.27e) into (3.25) we have

’ sTS 892(0) ag r
(3.34) - L1L2LBZZZZTL l( ) a;s +3;}Sgij(o)]‘

reN i=1 j=1s=1
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Taking the divergence of (3.33) we have

r(0)
KM Kok 09, ot o)
(3.35) dxk L1L2L3 Z ZZZT L K > aafk T ok Jii

reN i=1 j=1k=1
_gl

Therefore, (3.26) can be written as the Darcy equation,

(3.36) V(K- Vp)=0

3.2. Macroscopic fluid velocity. Following [7], the macroscopic Darcy velocity
in the k direction, U*, is given by

(3.37) Ut = 2L1L2L3 Z ZZT qu'

reN i=1 j=1

Using the scaling introduced in section 2, (3.37) defines the scale of the Darcy
velocity as
o dgtApg
128 1B A
which is equivalent to the characteristic scale of the flow in a vessel divided by the
scale of the cross-sectional area of the unit cell. Substituting from (2.5) into (3.37),

expanding P and g;; as in (3.10) and (3.11), and substituting from (3.14) and (3.19),
we obtain

(3.38)

- )
vt = 2L1L2L3 D erk (% ey (@ a5 +r°L?) ag:] +0(e ))

reN i=1 j=1 s=1

*

3

pj+eZ(x +r'Lh inap;

=1

- ST PR

reN i=1 j=1

a 3( 3

)+Zx + lLl) Zm O(e)
=1 =1

. )
2L1L2L3 ZZZZT’“%}O) [wh + 2} + 711wl — 2] 22+ 0(e)

reN i= 1j 11=1

r 0
- L1L2L3 ZZZZ’“’“%;O) —v ] afl +0()

reN i= lj 11=1
r(O) ap
= L1L2L3 ZZZZQ ’Uf;‘i”f’krl:l @4’0(6)
reN i=1j=11=1

In the fourth line we substituted w! from (3.29) and in the fifth line we relabeled
j — i and r < —r in the v} term, and then used the identity in (3.7). Combining
(3.33) and (3.38), the Darcy velocity can be written as

(3.39) U=-K-Vp.
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Transforming back to dimensional variables, we have that the dimensional Darcy
velocity is given by

IC*
(3.40) U*=-—2K - V*p,
0
where
Loomodgt
07128 152

Therefore, we verify that the macroscopic permeability has the appropriate dimensions
of length squared.

We see from (3.36) and (3.39) that the blood pressure and velocity at the macroscale
can be solved if the macroscopic permeability tensor, IC, is known. According to
(3.33), IC depends on the leading-order vessel conductance,

d
—o =~ <
Lijp(hiy” . diy)

)

(3.41) g =

which is a function of the leading order of the vessel haematocrit, hf](o). Consequently,

we now turn to evaluate h;;o).

4. Homogenization of the haematocrit propagation. Under steady flow
conditions, the haematocrit is uniform along a vessel [see (2.2)], although it changes
between vessels due to the nonlinear effect of phase separation occurring at flow
bifurcations. In what follows, we consider three different types of vessels that may
exist within each unit cell (see illustration in Figure 2): (i) vessels that originate from
bifurcating flow junctions; (ii) vessels that originate from converging flow junctions;
(iii) vessels that originate from nodes in neighboring unit cells and terminate inside
the unit cell (henceforth we will refer to these vessels as “inlet vessels”). Our goal is to
determine a relation of the type in (2.8) between the haematocrit in a given vessel and
the haematocrit and flow in its parent vessel(s). In what follows we explicitly evaluate
the functional form of this relation for the three aforementioned types of vessels.

4.1. Bifurcating flow junctions. It was observed experimentally (e.g., [5, 11,
23, 33]) that, at flow bifurcations, the RBC component of blood does not generally
split in proportion to the flow splitting; instead, RBC splitting appears to be a non-
linear function of the ratio of the flow rates at the junction, the local geometry of
the vessels (specifically the diameters), and the haematocrit entering the bifurcating
junction. The model of Pries et al. [33] is a popular nonlinear empirical relation
for representing haematocrit splitting at flow bifurcations. We will use the aforemen-
tioned model with the later refinement of coefficients that was carried out in Pries and
Secomb [35]. Henceforth, we will denote this model as the Pries model for brevity.
Using the Pries model, we have that the ratio of the haematocrit flux, h;q;, entering
a vessel J to the haematocrit flux in its parent vessel, h;, q;,, satisfies

exp [ay, D (dy/d;)] Vg5, —cs,) 0
exp [ag, D (ds/ds)] (70, —c5,) 0% + (L—=tbyy, —cy,) 0%

hy
(4.1) EwJ/JP =

Here, v7,;, = q7/qs, € [0,1], where ¢; and g7, represent the (absolute) magnitudes
of the flows in vessels J and J,, respectively. The subscript J’ represents the sister

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/18/24 to 129.67.186.255 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

1512 BEN-AMI, WOOD, PITT-FRANCIS, MAINI, AND BYRNE

branch of vessel J, while the known function D(-) has the property that D (d;/d;) =
—D(dy /dy) [33, 35]. The haematocrit and flow in (4.1) are evaluated at specific
vessel locations (either x; or x; ). Additionally, ay , b;, and c;, are functions of the
haematocrit and diameter of the parent vessel

a,]p_bjp_ch_lchp
a b ¢ 4

“p

)

where a, b and ¢ are O(1) constants and we use the micron-unit-scaled diameter, d. Ty
for consistency with the functional form of the Pries model (similar to the viscosity
model by [34]; see (2.3)). Most vessels have diameters much larger than one micron, so
that d;, > 1. Therefore, we may introduce the small parameter, e, to the definition
of d. 7,as follows:

~dydg 1

Ty = =—dy
Toodndy e

(4.2)

where df is the reference diameter of the vessels in the network (>> lum) and the
nondimensional, O(1), vessel diameter is

dy
dj, =—=.
Jp a
The small parameter is defined by

*

o
ae=— <L 1.
€ da <
Therefore, using the definition of € in (2.4), we have that
(/)
({5/A5)
representing the ratio of the two small parameters in the asymptotic expansion.
Introducing the rescaling in (4.2) into (4.1) we have

h
Ef¢ﬂ%=wmﬂaw%DUbﬁbﬂ(wn%—aw%

P

(4.3) X lexp [cveay, D (dy/dy)] (¥4, — aecy, ) et

)1+aeb(/p

-1
+(1—QZ)J/JP —aech)H“eb"p] .

Expanding (4.3) in powers of € and dividing by 1/, we have

hy 1_hjp wJ/Jp
th:l—i—O&( a, ) b(1—¢J/Jp)ln(

1=y,
+c@_w1)+arwwm0mnwo
J)J,

(4.4)
+0 (62) .

We note that this expansion holds provided that D (d;/d;) < O(1) and that ¢, is
not in the neighborhood of aec s, or 1—aec;,, namely |In (wJ/Jp/(l — wJ/Jp)) | SO(1).
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From (4.4) we note that, at leading order, the haematocrit in the daughter
branches equals the haematocrit in the parent branch. Consequently, the leading-
order haematocrit is uniform across the unit cell. Accordingly, we now expand the
haematocrit around the reference state in which the haematocrit is equal to h(x) for
all vessels in the unit cell,

(4.5) hy=h+ehl +0().
Similarly, we expand the flow around its leading order value
(4.6) 07 =q" + g + 0().

The absolute magnitude of the flow associated with the reference state, q(JO), can be
derived from the leading order flow problem. Expanding (2.5) in a manner similar to

that used to expand (3.38) we have

3
(© 9p
(4.7) a) =15 = 9s(h) | L' [of, = o, 7] 2

where jo and j; are the end nodes of vessel J, and rj is the cell-neighbor indicator
associated with vessel J. In (4.7), we have used the fact that the leading order vessel
conductance is a function of the leading order haematocrit, 9;(521 =gs(h).

We note here that if j, and j; are the edge nodes of vessel J, we define x; as

1
5 (X5 +xj, +ry0L) =X}’

(48) Xy = B

Joj1?

in accordance with the definition in (3.2). We now expand the haematocrit in vessel
J located at x; around the cell origin, x:

(4.9) hj(x+exy)= +erJ |x—|—O( 2.

The O(e) haematocrit in the daughter branches is then determined by substituting
(4.5)—(4.7) and (4.9) into (4.4)

@ (B0 — (0) oh
(h —hy ) Z 8xs
1—-~h
(4.10) —ah (dJ> 7

1
+c Q_T +a(1—w.(]0/)Jp)D(dj/d.]/) .

(0)
wJ/Jp

(1 _w,]/J ) 0
(0)
1_¢y%

J/ Ty
For brevity we write (4.10) as
& Oh
1 1 s s
(4.11) d (1) = 0SP) =g > @y — a3, 5 —an(1=n) £,
s=1
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where
(0) dJ(o)
0 _ 95 (0) J/Jp
b=y P e
(4.12) ’ s

tel2- (OL) +a(l— ¢S(})JP)D (ds/dy)
J/ Ty
is a function containing details of the splitting rule at leading order.
LEMMA 4.1. fﬁo) =— §9)
Proof. Starting from (4.12) and replacing w(J(})Jp =1 —¢(0) in the first and third

J' ) Ip
terms of the equation, and using 1/1(]0/)J = q(]O) / qgi) in the second term, we have
Jjg, — 4.

0 _ 1 ©),,(0) w5
0 0) (0 J') T,
fJ = dJ l_qu ,(/)J//Jp In 1— (0)

P I
(4.13) .

e o) ) e ep 005, |

Using qso) = qu) - qgg) we have

(0)
0 1 0 0)y (0 J'/ Jp
= T l—b(qu) —q) 5/)/Jp In 5O
P - J’/JP

(4.14)

o (o) - ) o>t 045

Using w(ﬁ)ﬂp = qf,g)/qu) in the first and second terms, and D (d;/dj)=—D(dy /dy)
[35] in the third term, we have

(0) q(o) (0) <(JO)/I

0 J’ 0 "/Jp

J Tdy [b(l - J’/Jp)ln 17(0)
r — Yy,

(4.15)

1
+e Z_T +aD(dJ’/dJ)(1_¢59>JP)].
Vi,

On the other hand, replacing J — J’ in (4.12) we have

(0) )
) _ 4 [bu— O g [P0

;= ’ n
7 dy, I/ Tp 1_ (JO)/ |
(4.16) g
bel2—— 2 ) va@ ¢ \D(dy/dy)
(0) I Ty ST
VA
Comparing (4.15) and (4.16) we have that f§0) = 7f§9) as required. |
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4.2. Converging flow junctions. At nodes where the flow in two vessels con-
verge into one, we have the following haematocrit flow balance:

(417) qLIhJ|x+exJ = Z a7, th |x+exJp s

Jp
where the summation is over the two parent vessels of vessel J. We expand h; and
g around their reference state and expand hj(x + exs) around x, as for (4.5)—(4.7)
and (4.9). We note that in (4.7), qL(,O) is already given in x + ex; as a function of the
leading order pressure and haematocrit, hence, it is not necessary to expand it around
the cell origin. Accordingly, we obtain

3

0), (1) 0y, (1 s s (0| Oh

w3 (el e 2
Jp

s=1

where we have used the fact that the net flow balance at each node is zero, i.e.,
ZJP q5, =45 = 0.

4.3. Inlet vessels. Recalling the sidebar discussion in section 3 regarding the
periodicity of the network, we assume

(4.19) hi;(x) = h;"(x),

in accordance with (3.7). Transforming from node to vessel notations, (4.19) states
that if J is an inlet vessel having corresponding periodic outlet vessel J, then we have

(4.20) hj(x)=h;(x).
Taking the O(e€) terms from (4.20) and multiplying by qgo) we have
(4.21) ¢ (h(” h_(]1)> =0.

4.4. Asymptotic solution for the haematocrit. Combining all types of ves-
sels, (4.11), (4.18) and (4.21), into a single relation we have

(422) Yqu(]()) (hsi) _ h(Jl)) Yco Zq(o)h q(]0)h§]1) + Y}nqSO) (hfil) o h(]l))

sp . Wl 0)
=Y Z 5—x5) - —ah(1—h)f}
s=1

oh
+YCO s=1 quJ Z ?, fOI'J:1,...7M.
Jp

Here, Y;” =1 if vessel J originates from a splitting bifurcation and Y;* = 0 otherwise;

YJCO =1 if vessel J originates from a converging bifurcation and Y5° = 0, otherwise;
Yi" =1 if vessel J is an inlet vessel and Y, LS =0, otherwise. If we write the first-order
1

vessel haematocrit as a vector, h(!) = h( hgvll )T, then we obtain a system of M

equations for hf]) (J=1,..., M), which can be written in a matrix form as follows:
3
oh
4.23 h = 1—h
(42 S
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where the matrix Q is given by

—" it J=K,
q(JO) if K is the parent vessel of J at a splitting junction

4.24 =
( ) Qux or K is the periodic outlet vessel of inlet J,

ql(,?) if K is the parent vessel of J at a converging junction.

The vectors n° and ©o read

s s 0 s s co 0), s 0), s
nJ:YJPqS)(foxJp)+YJ qs)xJ—ZqS)xJp and
(4.25) A

wj = YJSpr(]O).

It is straightforward to show that each column K of @ ;i has either two or three
nonzero entries according to how many daughter vessels it has: (i) (—q&?),qﬁg)) if K
is either an outlet vessel or one of the parent vessels in a converging-flow junction;
(ii) (fqgg),qggi ,q&?i ) if K is a parent vessel at a splitting junction where K4, and
K4, are the indices of the daughter vessels. Therefore, due to conservation of flow at

bifurcations, we have
(4.26) Q'u=0,
where we have used the [M x 1] vector u= (1,...,1)7. Accordingly, we can use the

Fredholm alternative to write the solvability condition of (4.23) as a partial differential
equation for the propagation of the leading-order haematocrit at the macroscale,

>, L oh
(4.27) u’ (Z o —ah(l- h)w) =0.
s=1

Finally, (4.27) can be simplified to obtain

(4.28) C-Vh=ah(l-h)S,
where
(4.29) C*=u'n® and S=u’w.

LEMMA 4.2. §=0.
Proof. Combining (4.25) and (4.29) we have

M
(4.30) S=uTw=>"vfP.
J=1

From Lemma 4.1 we have that daughter vessels have equal and opposite values of
5(]), such that they cancel each other when all splitting vessels are summed together.
Consequently, we have S = 0. 0

LeEMMA 4.3. C/(L'L2L3) =U.

Copyright (C) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/18/24 to 129.67.186.255 . Redistribution subject to SIAM license or copyright; see https.//epubs.siam.org/terms-privacy

HOMOGENIZATION OF BLOOD FLOW IN PERIODIC NETWORKS 1517

Proof. Dividing C® by (L'L?L3) and using (4.25), we have

Cs uTns
(4.31) LL2L3  LL2L3
M

1 S 0 S S 0 6
T Ii2L3 Z Yqug)(xJ_pr) Yy° QJ fEJ Zq a
J

We note that internal vessels do not contribute to this sum because they are both
daughter and parent vessels such that their contributions, appearing with both posi-
tive and negative signs, are cancelled out. Therefore, (4.31) can be written as

cs 1 in (0) 5,.1(0) _
(4.32) TiI2L3 L1L2L3 ZY J_IJ 2L1L2L3 ZZZT ij

r =1j5=1

where J is the periodic outlet vessel corresponding to inlet vessel J, and we have
used the definition of U® from (3.37). We have also used that, at leading order,

qgo) q(o) [see (4.7)]. Thus, we have proved that the Darcy velocity, U, is equal
to the haematocrit advection vector. O

Finally, we apply Lemmas 4.2 and 4.3 to (4.28) to obtain the final form of the
homogenized equation for haematocrit propagation

(4.33) U-Vh=0.

5. Summary of the homogenized model. The following is the final homog-
enized model for macroscopic blood flow and haematocrit propagation developed in
this manuscript:

(5.1a) V- (K(h)-Vp)=0,
(5.1b) U=-K(h)-Vp,
and

(5.1c) U-Vh=0.

Here, p(x), U(x), and h(x) are the pressure, flow velocity, and haematocrit, respec-
tively, at the macroscale; IC(h) is the macroscopic permeability tensor given by

N N d4

LkL! Tkrl+27“kv4)
(5.2) KCH = >Ny —,
2L1L2L3

cen iz = lign(h,dig)

where v! is a solution to the linear system of equations'
0) _ 1 r(0)
(5.3) gw vl Z ZT gfj .
reN j=1
Here,

Ao(gi”) = Z [g;” 5ij Z g' ]

and
go_ %
Y Liju(h,diz)
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6. Validation of the homogenized model. In order to validate the conver-
gence of the network model to the homogenized model as the network size increases, we
considered a simple uni-directional flow for which the homogenized model admits an
analytical solution. To facilitate a uni-directional flow in response to a uni-directional
pressure gradient, we considered a network in which the periodic unit cell is symmet-
ric with respect to the direction of the pressure gradient (such that the off-diagonal
terms of the permeability tensor vanish). To this end, we generated a periodic tessel-
lation of a single-hexagon-unit-cell, forming a honeycomb network consisting of Nyow
rows of hexagons (each row comprises Nyow O Nyow — 1 hexagons, alternately) in the
plane (z'*,2%*) = (z*,y*) € ([0, 2% 0], [~ Yo Uinax) ). We used uniform vessel length,
5, and a diameter distribution as illustrated in Figure 3, which is symmetric with
respect to the z-axis. We applied pressure boundary conditions at x};, and z},.., no

flow conditions at ¥, and ¥y .., and a y-dependent inlet haematocrit profile:

p*(0,y%) =Apg, p*(Thax:¥") =0,
q* (‘T*7 _y:nax) = 07 q* (il'*, yfnax) = 07 and

« 2
h(0,y™) =0.45exp [— (062;*) 1 .
N max

We solved numerically the blood flow model described in section 2 for the given
honeycomb network, with a large number of unit cells, N > 1, and using the
boundary conditions in (6.1). After solving the network model, we subdivided the
domain into Ngrig grid cells and evaluated the average haematocrit,h,, and the z-
component of the Darcy velocity, u,, at every grid cell n based on the vessel values
of haematocrit and flux:

128 15 2y 1
6.2 n=— 070 “Ymax z *’
(6:28) T A T Apy 2Ly JZ; Ly

_ EJeSi{l hiq;
ZJGS,‘;} a;

(6.1)

(6.2b) hy

Here, u,, and h, are given in nondimensional forms, with the characteristic macro-
scopic length scale chosen as 2y; ... and the reference diameter chosen as df = 20 ym.
In (6.2a), S,, denotes all the vessels that cross the boundaries of grid cell n; in (6.2b),
Sin denotes all the inlet vessels of grid cell n.

r=[-11 r=0(1 [— 4 =20um

(- = d" =17.5 um
—_—d" =15um
r=[-1,0] r=[1,0]
L
_____________________________________ =
r=[-3 -1 r=[,-1]

Fic. 3. Schematic of the single-hexagon periodic unit cell used to construct a honeycomb net-
work and to validate the homogenized model. The unit cell comprises six nodes, six internal vessels,
and siz boundary vessels. The boundary vessels connect to neighboring unit cells, and the associated
r vectors of the neighboring cells are indicated. Edge colors are used to indicate vessel diameters.
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The spatially averaged results of the network model were compared to the solution
of the homogenized model. The boundary conditions in (6.1), together with the
symmetry of the unit cell with respect to the direction of pressure gradient, led to a
simple analytic solution of the (nondimensional) homogenized model in (5.1):

p(l‘) =1 713}7

(6.3) h(y) = 0.45exp {— (03“’3)1 :
u(h) = LK™ (h).

Here, the characteristic length scale was chosen as 2y ., thus the factor L =2y’ /
Zrax ~ 1.1258 accounts for the length scale ratio of the honeycomb network. The
permeability, %%, is obtained from (5.2), whereas K*¥ = 0 due to the structural
symmetry of the honeycomb network.

In Figure 4 we present the average haematocrit and velocity for two network sizes
(Figures 4(a), (b): Niow = 25, Figure 4(c), (d): Nyow = 97). In the homogenized
model, there are no “diffusive” effects and haematocrit only travels in the direction
of the flow velocity, which is in the z-direction in the present case. However, the
results for the network model reveal subdominant “diffusive” effects which manifest
as haematocrit flow in the opposite direction to the direction of the haematocrit gra-
dient, leading to reductions in h/Jy as x increases. Nevertheless, this effect becomes
less pronounced as the system size increases, which is consistent with the purely ad-
vective form of the homogenized model at leading order. To further emphasize the
convergence of the average network model to the homogenized model as the system
size increases, Figures 4(e), (f) compare the y-profiles of haematocrit and velocity
at © = 0.5 (middle of the domain) generated from networks of increasing sizes with
those for the homogenized model (6.3). We see that as the network size increases the
profiles converge to those of the homogenized model.

7. Probability distribution of the macroscopic permeability. The macro-
scopic permeability tensor, given by (5.2), is a function of the macroscopic haema-
tocrit, h, the distribution of vessel diameters and lengths, and the topology of the
unit cell. In this section we illustrate how these features affect the components of
the permeability tensor. We consider two different network topologies: 2D honey-
comb networks (subsection 7.1) and three-dimensional (3D) networks having vessels
oriented in random directions (subsection 7.2). For each network topology, we assume
that the distribution of vessel diameters is log-normal,

d ~ Lognormal(nN, ot y),

where d = d* /d;, and dj, = 1pm. For all results presented in this section, we fix

oy =0.3, and (d) = 20 (here, and henceforth, angular brackets denote mean values),
such that In(nyy) = (dye=7in/2 ~19.12. Using these parameters, the probability of
obtaining d < 10 is very small (= 1.5%), and most vessels satisfy d>> 1, as required for
the validity of the asymptotic expansion [see (4.2) et seq.]. We note that, in practice,
many capillaries are expected to have diameters in the range 6 — 10 um [8]. In future
work we intend to extend the current model to account for smaller vessel diameters by
developing a fully nonlinear homogenized model. This, in turn, would enable us to use
diameter distributions that more closely resemble those associated with physiological
networks.
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F1c. 4. Convergence of the spatially averaged haematocrit (a), (c) and velocity (b), (d) to the
homogenized model with increasing size of the honeycomb network. Contours of spatially aver-
aged haematocrit values and velocity in honeycomb networks of size (a), (b) Nrow = 25, (c), (d)
Niow =97. Panels (e) and (f) present the haematocrit and velocity y-profiles at x = 0.5 for different
network sizes (symbols), obtained from spatially averaging the network-model results. The results
converge to the homogenized model (black lines) as the network size increases.

7.1. Two-dimensional honeycomb networks. We generated periodic unit
cells of honeycomb networks having N, rows of hexagons as illustrated in Figure 5
for the case of Nyow = 5. We used uniform vessel lengths (I = 1 in nondimensional
units) and a diameter distribution as described above.

We ran 10° realizations, in each of which we evaluated the macroscopic perme-
ability (using (5.2)) of a honeycomb network (Nyow =9) with vessel diameters chosen
at random using the log-normal distribution described above; each realization had a
fixed haematocrit in all vessels in the range h € [0,0.7]. We note that we calculated the
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egegelesese
Hiseseissios o

FIG. 5. Schematic of a 2D honeycomb network in the (x',x2) plane composed of unit cells hav-
ing Nrow =5 rows of hea:agans Each unit cell has six nezghbarmg cells corresponding to (clockwise
from the top-left cell) r= (77 1) ( )7(170)7(%7 71)7 (75 71) ( )

permeability based on a uniform haematocrit value across the unit cell. In section 4,
we showed that the leading-order haematocrit value at the unit cell is uniform. There-
fore, for a given cell architecture, the permeability depends only on this leading order
(uniform) haematocrit value. The results presented in Figure 6 show how the diag-
onal and off-diagonal entries of the permeability tensor are distributed. Due to the
intrinsic symmetries of the honeycomb network, the distribution of the diagonal com-
ponents is identical. Therefore, Figure 6(a) presents the distribution of X' and K22,
which we denote as K"™. Also, due to the symmetries of the honeycomb-network, the
mean value of the off-diagonal components (denoted K™, where K™ = '™ due to the
symmetry of the permeability tensor) is zero. This is readily apparent in Figure 6(b).

Curves presenting the permeability tensor components as a function of h for the
case of uniform vessel diameters are presented in Figure 6. Due to the symmetry of
the honeycomb network, the uniform vessel diameter results in (K™) = 0. For the
diagonal terms, Figure 6(a) shows that a uniform diameter which equals the mean
of the distribution (d = 20) produced a larger permeability than the mean of the
distribution. This is due to the nonlinear dependence of the vessel conductance on
the vessel diameter, which leads to vessels smaller than the mean value producing a
greater reduction in the permeability than increases caused by vessels that are larger
than the mean value. Even so, it is possible to obtain a good approximation for the
mean value by using a uniform value for the vessel diameters which is smaller than
the mean of the distribution.

When evaluating the macroscopic permeability (per unit length) of a honeycomb
unit-cell having uniform vessel diameters, we can take the conductance out of the
summation in (5.2) to obtain

LFLY (d/d N
(7.1) ic’cl:QLle /0 ZZZ g orkal) .

rENz 15=1

Here we choose the reference diameter to be the mean diameter so that the nondi-
mensional parameter, dg = 20, represents the reference network diameter scaled by
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the reference viscosity-function diameter. The vessel length is absent from (7.1) be-
cause it is uniform in honeycomb networks. For an equal-vessel-diameter honeycomb
network, the summation in (7.1) yields

d/dy)*
(7.2) KM~ 0.577@ and K" =0.

p(h,d
On the other hand, if we wish to approximate the mean of the distribution of K""
using a representative uniform diameter, we expect that

(7.3) (KK o [u(h,i — const)]

Using the explicit expression for 1 (see Appendix A), we fitted the following functional
form for (K""(h)) to the random-diameter data in Figure 6:

&1
7.4 K" (h)) =
(7.4) 0 0) = o T
and obtained c¢; =~ 0.345, ¢y =~ 2.359, and c3 ~ —1.059. Then, the representative
uniform diameter of the random distribution is obtained by substituting the explicit

form for p(h,d) from (A.1) into (7.2) and equating to (7.4) for the case of h =0. The
resulting equation is

T 0.345(?4
2 2 0
(7.5) d*(d—1.1)*= 05T

Solving (7.5) numerically we obtained d~18.142. The solid black line in Figure 6(a)
shows ™" for a uniform diameter, d = 18.142, while the dashed-black line presents
the mean, (K™}, of the random vessel diameter distribution. The two curves are
almost indistinguishable, showing that this uniform diameter provides an excellent
approximation to the mean of the distribution.

It is noticeable in Figure 6 that the standard deviation of the permeability
decreases as the haematocrit value increases. To better illustrate this trend,

(a) (b)
0.5 o ——x 1]
N log-normal, (d) = 20 0.06 -
- --mean
3 —uniform, d = 20
0.4 5 —uniform, d = 18.142 0.04

,CH!

-0.04 ¢

-0.06 [

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Fic. 6. Scatter plots showing how the diagonal and off-diagonal component elements of the
permeability tensor, (a) K" and (b) K", respectively, depend on the macroscopic haematocrit, h.
The results were generated from 108 realizations of a honeycomb network in which the unit cell had
Niow =9 rows (190 nodes, 304 vessels) and where the vessel diameters were distributed according to
a log-normal distribution with mean diameter, (c?) =20, and o,y = 0.3. The solid lines show the
permeability for cases in which uniform vessel diameters were used; the mean of the distribution of
the permeability is given by the dashed-black line (coincides with the uniform-vessel-diameter line
in Figure 6(b)).
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FIG. 7. The probability density distribution of (a) K™ and (b) K" for haematocrit values of
h = 0.1 (blue bars) and h = 0.6 (red bars). The results were generated from 108 realizations of a
honeycomb network in which a periodic unit cell had Nrow = 9 rows (190 nodes, 304 vessels) and
where the vessel diameters are distributed according to a log-normal distribution with mean diameter,

(d) =20, and o,y =0.3. In (c) the standard deviation of the distributions, o(K"™™) (solid-blue line)
and o(K™t) (solid-red line), are plotted against the haematocrit value; the coefficient of variation of
K™™ is shown by the dashed-blue line. (Figure in color online.)

Figures 7(a), (b) show the probability density distribution of the permeability tensor
components for two values of haematocrit, h =0.1,0.6, while Figure 7(c) presents the
standard deviation and the coefficient of variation of the permeability tensor compo-
nents as a function of the haematocrit value. We notice in Figures 7(a), (b) the wider
distribution of the permeability components for the smaller value of haematocrit.
This is also manifested in Figure 7(c) by the decrease in the standard deviation of
the distributions as the haematocrit increases. However, the coefficient of variation of
K™ increases as the haematocrit increases, meaning that we expect to observe larger
relative deviations from the mean value for larger haematocrit values. This is because
the gradients of the blood viscosity with respect to the vessel diameter increase when
the haematocrit increases (see, for example, Figure 1.12 in [36]). This, in turn, leads
to greater relative variability in vessel conductance for larger values of haematocrit.

7.2. Three-dimensional networks with random vessel orientations. We
used the following algorithm to generate (3D) unit cells containing periodic networks
with random vessel orientations: B

(I) We defined a cubical cell, with an edge length, L, that contains the unit-cell

nodes (as usual, tildes denote scaling with 1 um).

(IT) We generated Ny realizations of tree-type networks where each tree had

Ngen generations. For each tree we positioned the first node at a random
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location within the unit cell and then randomly chose the positions of the
two daughter nodes such that the distance of each node from the parent
node (i.e., the vessel length) was sampled according to a given vessel length
distribution [see item (III) below|. The position of each node was sampled
from a uniform distribution over the surface of a sphere where its origin was
the parent node and its radius was the sampled vessel length. We repeated the
process for the daughter nodes (now viewing them as the parent nodes of the
next generation) until the required number of generations, Nge,, was reached.

(III) The distribution of the vessel length-to-diameter ratio, R, was chosen from a
log-normal distribution with a mean (R). Assigning the random log-normally
distributed vessel diameter, d, the vessel length, [, was given by | = Rd.

(IV) In order to impose periodicity, if the position Xg of a node fell outside the
cell box, it was shifted according to the transformation

o 6+ Lo, 5 <—Lo/2,
0 E’S—Lm 5’8>L0/2

(V) We randomly connected the open ends in the first and last generations of
each tree between the different trees or within the same tree such that each
node in the network had a coordination number of 3.

(VI) The nondimensional components of the permeability tensor were calculated
via

- N N J4‘(Tkrl+2rkvé)

(76) ]Ckl _ <l>2 Z Z Z 1J

2<J>4z0 reN i=1 j=1 zvijﬂ(hv sz)

An example of a periodic unit cell generated using the aforementioned algorithm
is presented in Figure 8.

200 -

=200

0
~2
xr

Fic. 8. Illustration of a periodic unit cell of a 3D random network composed of Niree = 2
trees, each having Ngen = 3 generations. Vessels connected to neighboring unit cells are marked in
color, where vessels connected to the same or opposite neighbor (having identical |r|) share the same
color. The cell box is illustrated by the dashed-grey lines; nodes outside of the cell box belonging to
neighboring unit cells are indicated by open circles. (Figure in color online.)
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Fic. 9. Scatter plots showing how the diagonal and off-diagonal component elements of the
permeability tensor, (a) K™" and (b) K", respectively, depend on the haematocrit, h. The results
were generated from 10% realizations of a 3D random network in which a periodic unit cell had
Niree = 6 trees, each composed of Ngen =5 generations (378 nodes, 567 vessels), in a cubical box with

edge length Zo = 400. The vessel diameters are distributed according to a log-normal distribution
with mean diameter, (d) = 20, and opn = 0.3; the length-to-diameter ratio of the vessels is log-
normally distributed with mean, (R) =6, and o,y =0.3. The means of the distributions are given
by the black lines.

We ran 106 realizations of 3D periodic unit cells (as described above) each with
uniform haematocrit values in the range h € [0,0.7]. Figure 9 shows the scatter in
the components of the resulting permeability tensor. Due to the average anisotropy
induced by the randomly oriented vessels in the network, the distributions of all
diagonal components are similar, as are the distributions of all off-diagonal compo-
nents. Therefore, we present the distribution of all diagonal terms together and denote
them by K" [Figure 9(a)]; the off-diagonal terms are denoted byK™ [Figure 9(b)].
Here, because the network is anisotropic on average, the mean of the off-diagonal
terms, (K") = 0, which is readily apparent in Figure 9(b). Comparing the order-of-
magnitude of the permeabilities of the 3D random network and the 2D honeycomb
network (subsection 7.1), we notice that the former is approximately ten times larger.
This means that a 3D network consisting of 2D honeycomb unit cells lying in the
(x',2?) plane stacked in the x3 direction, with a density ~ 10/l (where [ is the
dimensional vessel length in the honeycomb unit cell) will have a permeability similar
in magnitude to that of the 3D network presented in Figure 9.

To illustrate how the statistical features of the 3D random networks change as the
haematocrit value varies, in Figures 10(a), (b) we plot the probability density distribu-
tion of the permeability tensor components for two values of haematocrit, h = 0.1, 0.6;
Figure 10(c) presents the results for the standard deviation and coefficient of variation
of the permeability tensor components as a function of the haematocrit value. As in
Figure 7, the standard deviation of the distributions decreases as the haematocrit
increases, while the coefficient of variation of ™" increases as the haematocrit in-
creases. However, the relative increase in the coefficient of variation is smaller in the
3D random network than in the honeycomb network (=~ 10% increase in the former
compared to ~ 20% increase in the latter between h =0 to h =0.7). This is because
the 3D random network allows for a change in the vessel length, such that vessels
with larger diameter are more likely to be longer. Due to the opposing effects of ves-
sel diameter and length on the conductance (see (5.2)), this leads to smaller relative
variability in the vessel conductances as the haematocrit increases compared to the
case in which the vessel lengths are fixed.
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Fic. 10. The probability density distribution of (a) K™ and (b) K™t for haematocrit values of
h=0.1 (blue bars) and h = 0.6 (red bars) generated from 108 realizations of a 3D random network in

which a periodic unit cell had Niree = 6 trees, each composed of Ngen =5 generations (378 nodes, 567
vessels), in a cubical box with edge length Lo = 400. The vessel diameters are distributed according

to a log-normal distribution with mean diameter, (d) = 20, and orn = 0.3; the length-to-diameter
ratio of the vessels is log-normally distributed with mean, (R) = 6, and or,ny = 0.3. In (c) the
standard deviation of the distributions, o(K™™) (solid-blue line) and o(K"!) (solid-red line), are
plotted against the haematocrit value; the coefficient of variation of KK™™ is shown by the dashed-blue
line. (Figure in color online.)

8. Conclusion. The goal of the present work was to formulate a macroscopic,
coarse-grained description for blood flow in the microcirculation. We adopted a stan-
dard description of blood as a continuous mixture of plasma and haematocrit, which is
formulated as a nonlinear system of algebraic equations for the nodal pressures, flow,
and haematocrit in the network edges (vessels). Here, two factors drive the nonlin-
earities: the dependence of blood viscosity on the haematocrit [34], and the coupling
of haematocrit and flow at network bifurcations due to the nonlinear splitting phe-
nomenon [33]. In contrast to previous studies of flow in networks [7] and blood flow
homogenization (e.g., [6, 9, 37]), which assumed a single-phase, linear Stokes flow, in
this work we accounted for the two-phase nature of blood and the associated nonlin-
earities. Consequently, we have developed a coupled set of equations describing the
flow and haematocrit propagation at the macroscale.

In order to account for the nonlinearity of blood flow and to facilitate the homog-
enization procedure, we focused on the limit of small haematocrit heterogeneity. This
scenario prevails when the diameter of the vessels in the network are sufficiently large
(typically much larger than the diameter of a single RBC), and when the diameters
of daughter vessels at bifurcations are not markedly different. Under these conditions
we were able to study the asymptotic limit at which the vessel haematocrits deviate
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slightly from the average haematocrit in the periodic unit cell and, thus, to formulate
a coarse-grained equation for the average-haematocrit propagation. Interestingly, but
perhaps not surprisingly, this resulted in a purely advective equation for the prop-
agation of haematocrit at the macroscale, where the effect of haematocrit splitting
has been averaged out. Considering the homogenization of the flow, in this limit, the
slow change of the leading order haematocrit enabled us to follow the homogenization
methodology developed by Chapman and Wilmott [7] and to derive a Darcy model
with a haematocrit-dependent permeability tensor, due to the effect that the haema-
tocrit fraction has on the effective blood viscosity. The resulting homogenized model
can be used to evaluate the way in which structural features of the vascular network
affect blood flow and the haematocrit distribution at the macroscale.

We calculated the components of the permeability tensor for two different network
topologies: (i) 2D honeycomb networks and (ii) 3D networks with randomly oriented
vessels. For both types of networks a distribution of vessel diameters was considered.
As expected, the mean permeability decreases as the haematocrit value increases due
to the increase in flow resistance. However, it was observed that the coefficient of
variation of the permeability increases with the haematocrit. This was rationalized
in terms of the increase in the blood viscosity gradient with respect to the vessel
diameter as the haematocrit level increases.

The homogeniszation methodology we used in this paper is based on the assump-
tion that the network is homogeneous at the microscale such that it can be approxi-
mated using a representative periodic unit cell (or at least a statistical distribution of
this unit cell). As observed by [25], this assumption is reasonable for the more distal
parts of the microcirculation, whereas the fractal nature of the more proximal regions
of the microcirculation cannot be accounted for within the homogenization method-
ology. Peyrounette et al. [31], and later on Shipley, Sweeney, and co-workers [38, 39],
derived hybrid discrete-continuum models for blood flow where a homogenized model
is used in the capillary region and the larger vessels, that feed the capillaries, are
solved discretely. While in the models of [31, 38, 39] the haematocrit value was fixed,
these models can now be extended to account for spatially varying haematocrit using
the homogenized model developed in this paper. Therefore, we view the homogenized
model developed here as part of a more general hybrid vascular-network model that
includes both a homogenized-continuum description of the capillary bed and a discrete
model for flow in the larger vessels.

The limit of small haematocrit heterogeneity studied in this work is likely to pre-
vail in regions of the microcirculation where vessel diameters are sufficiently large
and when vessel bifurcations are mostly regular (bifurcations of vessels with similar
diameters). However, tumor vascular networks are known to be highly abnormal and,
thus, to promote irregular blood flow and haematocrit distributions [20, 29]. Under-
standing this irregular flow is of great biological significance as it is hypothesized to
give rise to the phenomenon of cycling hypoxia in tumors [13, 28] where some re-
gions of the tumor experience cycles of hypoxia and reoxygenation. In turn, cycling
hypoxia is associated with poor prognosis, such as selective advantage for malignant
growth [2, 18], and chemo- and radio-therapy resistance [15, 16, 19]. In order to ho-
mogenize the blood flow and haematocrit transport in tumors, the small haematocrit
heterogeneity assumption must be relaxed and the full nonlinearity of blood-flow at
the microscale taken into account. Additionally, to account for the phenomenon of
cycling hypoxia, a methodology to homogenize unsteady blood-flow must be devel-
oped. While this may not be analytically tractable, a data-driven approach where
the unit-cell problem is solved numerically to generate data for the coarse-graining
process [40] may prove useful. This suggests an avenue for future research.
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Since RBCs are the blood component that is responsible for transporting and
delivering oxygen to biological tissues, it is important to better understand their
distribution in the microcirculation. Having formulated equations that describe the
transport of haematocrit at the macroscale, it is now possible to derive a coarse-
grained description for the oxygen distributions at the tissue-level. This is especially
important in order to understand how large-scale regions of (sustained) hypoxia form
in tumors and, thus, constitutes a natural topic for future work.

Other possible extensions of the current blood flow model could account for inter-
actions between the blood vessels and the surrounding tissue, for example via plasma
leakage into the interstitial space which leads to increased interstitial pressure. This
phenomenon is especially important in tumors because of the high leakiness of their
blood vessels and the corresponding large interstitial pressures, which has been associ-
ated with an increased risk of metastasis [12, 17]. In the context of homogenization of
linear (constant haematocrit) blood flow, the coupled system of blood and interstitial
flows results in a coupled system of linear Darcy equations for the two flow domains
[37]. We expect that under the assumption of small leakiness rate (i.e., slight haema-
tocrit changes along a vessel due to leakiness), the current haematocrit-dependent
homogenized model could be extended to account for vessel leakiness, and that it
would manifest as a source term in the haematocrit propagation equation. An ad-
ditional fluid-tissue interaction that is important in the context of tumor blood flow
is the compressive pressure applied by tumor cells on the blood vessels which can
cause their diameters to decrease. This, in turn, can reduce the supply of oxygen
to cells in the vicinity of compressed blood vessels and to consequent cell death or
migration away from the vessels, relieving the pressure that the vessels experience. In
this way, coupled nonlinear interactions between blood flow and cell densities arise.
The homogenization of coupled tissue and vascular-network domains constitutes an
interesting avenue for future research.

Appendix A. The blood viscosity model. Here we detail the functional form
of the empirical model for the apparent blood viscosity due to Pries et al. [34]. For a
vessel having a diameter, d (in micron units), and haematocrit fraction, h, the relative
viscosity (blood apparent viscosity divided by plasma viscosity) is given by

5 (1-h)° -1 d \?
LW =D —5a5e =1 (d—1.1> ]

d 2
X(d—l.l) '

The following expression for the blood viscosity is fit to data collected in vivo [34].
Here, the reference viscosity, p°, and the exponent, C', are given by the following
empirical expressions:

(A.2) 11°(d) = 6 exp (—0.085d) — 2.44 exp (—0.06d"**) + 3.2

(A1) u(hyd) =

and
-1

d\ 12
1410 — -1
10(55) ]

(A.3) C'(d) = (0.8 + exp(—0.075d)]

d 1271 —
e (#)]

+
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Appendix B. Proofs for the identities in (3.12). We have

N N
(B.1) AT =3 lgz — 05 Y g;-"m] =3 lgﬁ-” ~8ji ) 954
m=1

reN m=1 reN
- Z [glj 6]1 Z g]m = AO’
reN

where we have relabeled r <» —r in the first sum and then used relation (3.7). Also,

(B.2)
N N
(Aou); Z Z lgu 0ij Z gzm‘| = Z ngj - Z gim| =0, fori=1,.. N.
reN j=1 reN | j=1 m=1
In a similar manner we can show that A;u=0.
We have
N N
(B3) TAO Z Z |:%] 5” Z gzm‘| = Z [Z g{g - Z g;‘m‘|
reN i=1 reN Li=1 m=1
= [ngj - 9;2]
reN Li=1 m=1
N N
=y [ngj -3 g‘;nj] =0, forj=1,..,N,
reN Li=1 m=1

where we have relabeled r <» —r in the second sum and then used relation (3.7).
We have

(B.4)
N N T N
u’Blu= Z ZZ ( - Ll)gm - 6”;10 Z glm]
reN i=1j=1 L m=1
N N T N
DD D FFTTEE ol
reN i=1j=1 L m=1
N N T N
= Z ZZ (i — rlLl)gjq', 61]% Z gfm‘|
reN i=1j=1 L m=1
N N N N
= (@ =LY g =D 2l > gr,
reN |i=1 j=1 i=1 m=1
N N N N
B3 D) D 55 9) TR o) wp wr/
reN i=1 j=1 reN i=1j=1 reN i=1 j=1

where we have relabeled i +» j and r <> —r in the first sum, and then used (3.7). We
followed the same procedure in the last line.
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Appendix C. Proofs for the identities in (3.27). We have

(C.1)
uTA (g:j(O))
]- al l a zrj(o 8957(1(1))
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N r(O —r(0)
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2 J Ox*
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N DD

reN i=1 j=1s=1

r(0)

where we have relabeled r <+ —r in the second sum and then used (3.7) in the first

sum.

We have
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where we have relabeled r <> —r and then used (3.7) in the second sum. In the last
line we made use of

agi agr”
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ZZZTL vt ZZZTL af—
reN i=1 j=1 reN i=1 j=1
We have
(C.3)
1 N N N
r(0 r(0 r(0
O g =5 D0 DD [ + LR @l 4 e Lgl” — 6ijeta Zgz-fn)}
reN i=1j=1 m—=1
1 N T N N
r(0 r(0
=52 2 | @+t 4t 3D — el 3T gjfn)]
reN j=1 L i=1 m=1

I
N —
[]=
0
+
3
=
h
\5
)
+
=
&
= 1[]=
Q
SR
C)
8
<
8
S
ME
“Q\
EXY
)
| I

Ix]
z
<.
I
=
5
a
3
I
N

DN | =
-
m
s
1M

i=1 m=1

kLleLl+TLl$k+TkLk l]gw ,

z,

M=
Mz

.,
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where we have went through the same steps as in (C.2).
We have
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€0 EU = 33 et )
m=1

reN i=1 j=1

N N
> ZZ 5+ g = 33 et
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where we have relabeled r <+ —r and then used (3.7) in the second sum. In a similar
manner we have

(C.5) u” B (g1 ZZZZTkLk k’gfjo).
reN i=1 j=1k=1 Oz
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