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Background and Objective: Oxygen transport in the heart is crucial, and its impairment can lead to
pathological conditions such as hypoxia, ischemia, and heart failure. However, investigating oxygen transport
in the heart using in vivo measurements is difficult due to the small size of the coronary capillaries and their
deep embedding within the heart wall.

Methods: In this study, we developed a novel computational modeling framework that integrates a 0-D
hemodynamic model with a 1-D mass transport model to simulate oxygen transport in/across the coronary
capillary network.

Results: The model predictions agree with analytical solutions and experimental measurements. The frame-
work is used to simulate the effects of pulsatile vs. non-pulsatile behavior of the capillary hemodynamics on
oxygen-related metrics such as the myocardial oxygen consumption (MVO,) and oxygen extraction ratio (OER).
Compared to simulations that consider (physiological) pulsatile behaviors of the capillary hemodynamics,
the OER is underestimated by less than 9% and the MVO, is overestimated by less than 5% when the
pulsatile behaviors are ignored in the simulations. Statistical analyses show that model predictions of oxygen-
related quantities and spatial distribution of oxygen without consideration of the pulsatile behaviors do not
significantly differ from those that considered such behaviors (p-values > 0.05).

Conclusions: This finding provides the basis for reducing the model complexity by ignoring the pulsatility
of coronary capillary hemodynamics in the computational framework without a substantial loss of accuracy
when predicting oxygen-related metrics.

1. Introduction While several computer models of O, transport have been developed
[6,7,9-12], they have some limitations. Specifically, the hemodynamics
in some models are simplified, where nonlinearities associated with
blood properties, such as viscosity, are disregarded [6,9,10]. In other
studies, O, diffusion in the capillary is ignored [7] and simulations are
restricted to a single capillary [11]. Most importantly, these studies

have assumed steady-state hemodynamics [6,7,9-12], and none has

Oxygen (O,) transport in the heart is vital for cellular respiration
and energy production, especially during exercise [1]. Efficient O,
transport is essential for maintaining metabolic processes, while its
impairment can lead to pathological conditions such as hypoxia, is-
chemia, and organ dysfunction. Impaired O, transport is also associated
with heart failure arising from several etiologies such as diabetes and

coronary artery diseases [1,2]. Advanced imaging techniques, such as
positron emission tomography and computed tomography, can assess
myocardial perfusion [3,4]. Investigation of dynamic O, transport in
the heart from direct experimental measurements is, however, challeng-
ing because the capillaries are small and are largely embedded in the
heart wall. Computational modeling can overcome this challenge by
providing insights into the O, distribution and tissue oxygenation under
different physiological, pathological and treatment conditions, which
in turn, helps enhance our understanding of diseases and treatments
mechanisms [5-8].
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considered whether capillary deformability and flow pulsatility affect
O, transport in the capillary network and myocardial oxygen consump-
tion (MVO,). As pointed out by Beard and Bassingthwaighte [6], it is
necessary to develop a generic modeling framework that can be used
to consider O, transport under both steady-state and time-dependent
conditions.

Accordingly, we have recently developed a computational model
that integrates the coronary circulation of the entire coronary arterial—
capillary-venous network in a closed-loop system [13]. The model has
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been validated and applied to myocardial ischemia and therapeutic
interventions such as coronary sinus reducer [14] and preconditioning
with selective autoretroperfusion [15]. The model, however, does not
consider O, transport, which is essential for understanding myocardial
metabolism and function. Similarly, other recent studies that couple
coronary arterial flow with myocardial perfusion [16-18] also did not
consider oxygen transport. Motivated by these issues, we seek here to
develop a computational framework that couples the hemodynamics
model as described in [13] with the transport of O, in/across the
capillary network and the consumption of O, by the myocardial tissues.
The coupled hemodynamics-O, transport computational framework is
then applied to investigate the effects of flow pulsatility and key phys-
iological parameters on O, transport dynamics in/across the coronary
capillary network.

2. Methods

This computational modeling framework couples a 0-D nonlinear
lumped-parameter flow model that considers hemodynamics [13] with
a 1-D finite element model of O, transport in the coronary capillary
network. In this framework, vessel diameters and flow rates computed
from the 0-D flow solver are applied to the 1-D O, transport solver
(Fig. 1). As described in details below, the O, transport solver considers
five processes in and across two principal domains (intravascular and
extravascular). These processes are, namely, (1) Advection and (2)
Diffusion of both free and hemoglobin-bound O, within each vessel,
(3) Permeation (diffusion) of free O, across the capillary walls, (4)
Diffusion of myoglobin-bound O, within the surrounding tissues, and
(5) O, consumption by the tissue.

2.1. Blood flow

To predict flow rates and vessel diameters in a capillary network, we
use a 0-D nonlinear lumped-parameter model that has been developed
and validated [13]. Briefly, each vessel i of the capillary network is
represented by a lumped model consisting of two dynamically-varying
resistances Rli,z and a capacitance C’ (as indicated in Fig. 1). Analogous
to Ohm’s law, the flow rate of vessel i, Q;, is given by:

pi _pi
0= fnTou. w
R + R,

Mass conservation in vessel i requires:

Piln_P;id_"_P(;ut_P;nid=Ci<d(P};lPAﬁd)>’ @

R, R,

where Pi and P;  are the inlet and outlet pressures; P! ., and P;. are
the intravascular and extravascular pressures, respectively, with the
latter being the intramyocardial pressure (IMP). The two resistances
R‘l , are assumed to be identical and are determined by:
64ui(t)L!

(D)’

where L and D are the length and diameter of the vessel, respectively;
u is the blood viscosity and is prescribed as:
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The capacitance is given by:
o (z(D'())*Li /4)

cw= P) (Pliﬁd(t) - P;(z)) '

(5)

Computer Methods and Programs in Biomedicine 258 (2025) 108486

Both R"l , and C' depend on the diameter D, which in turn depends on
the trans-vascular pressure, AP = P .. — P, as:

D(AP) =2B, + M [E + arctan <u>] N 6)

3 2 c,
where A, and B, are the asymptotical highest and lowest radii, respec-
tively; y, is the transvascular pressure corresponding to the mean of
radii A, and B, while C, is the passive response bandwidth. These pas-
sive vessel parameters are obtained by fitting Eq. (6) to experimental
data [19]. The capillary network is described by a system of nonlin-
ear ordinary differential equations (ODEs) obtained by invoking mass
conservations in each vessel. Generalized formulations describing the
coronary system are provided in the Appendix (Generalized network
formulation).

2.2. Advection, diffusion and permeation of O, in the blood
The transport equations governing intra-vascular advection and

diffusion, as well as trans-capillary permeation, are formulated as [5—
7,10,20]:

dCr(x,t dCr(x,t d2Cp(x,t d?Cp(x,t
T(X ) - T(x ) +DF F(x ) +DHb B(x )
dt dx dx? dx?
KA .
- Tb(CF_CF)’ @

where U(x,1) is the flow velocity; V), is the blood volume and A is the
vascular wall surface area that are both determined from the vessel
diameter and length; «,, is the vessel wall permeability; D is the free
0, diffusion coefficient with a typical value of 2.41 x 107> cm?/s [6]
whereas Dy, is the hemoglobin diffusion coefficient that is lower than
Dy as hemoglobin molecules diffuse approximately 65 times slower
than free O, molecules [5].!

In Eq. (7), Cr(x,1) is the total O, concentration at position x and
time 7. The total O, concentration is the sum of the free and bound O,
concentration, i.e., C; = Cp+Cp, where C is the free O, concentration
and Cp is the bound O, concentration. In the vasculature, typically
less than 2% of the total O, is dissolved in plasma. The vast majority
(about 98.5%) of the O, is bounded to hemoglobin, a protein in red
blood cells (RBCs). The free O, concentration in tissues surrounding the
blood vessel is denoted as C}.. Both free O, concentrations C and Cf,
are expressed in the unit of moles per liter of blood (mol/L) in Eq. (7)
and can be easily converted to the partial pressure of oxygen (pO,)
using the relationship pO, = Cp/a, where the solubility coefficient
a = 135 x 107 M/mmHg.> We note that pO, specifically measures
the pressure exerted by free O, dissolved in either the blood plasma or

! In principle, the diffusion term D FM + Dy,

dx?
simplified and represented by a single term as Deffd‘fi"x(;‘”, where D,y denotes

the effective O, diffusion coefficient [5,21]. The parameter Dy controls the
combined diffusion of both free O, in plasma and O, bound to hemoglobin,
which simplifies the computational model by encapsulating the net effect of O,
transport through both mechanisms. The parameter D is, however, not well
estimated. Therefore, the application of D must be carefully calibrated and
validated against experimental data to ensure its physiological relevance and
accuracy. In comparison, both the diffusion coefficient for free O, in plasma
and oxyhemoglobin, which is the form of hemoglobin bound to O,, are better
estimated [5].

2 This conversion uses the relationship between the free O, concentration
and the solubility coefficient (denoted as a), according to Henry’s law. The
value of the « is determined based on the well-known measurement of approx-
imately 0.003 mL/mmHg of O, per dL of blood (1 dL = 100 mL). Specifically, at
standard temperature and pressure, 1 mole of any ideal gas (e.g., O,) occupies
22.4 liters, i.e., 1 mol = 22,400 mL. Therefore, « = 1.35 x 107° M/mmHg can
be converted to approximately 0.003 mL/mmHg of O, per 100mL of blood,
indicating that approximately 0.3mL O, dissolved in 100 mL blood when the
blood pO, is 100 mmHg.

% in Eq. (7) can be
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Fig. 1. Schematic of the hybrid 0D-1D computational framework (top panel). Flow dynamics and vessel deformation are accounted for using a 0-D nonlinear lumped parameter
model, where each vessel segment is represented by a three-element Windkessel model, comprising of two resistances (R) and a capacitance (C). O, transport is simulated using
a 1-D finite element approach that models both the vessel and its surrounding tissue as line entities (overlaid), inspired by the Krogh-cylinder model. V, is the tissue volume
associated with the capillary vessel of blood volume V,. A capillary network is generated based on experimental data by randomly placing 10 arterioles (red dots) and 10 venules

(blue dots) within a two-dimensional domain (bottom panel).

the tissues, and is a common metric used in experimental and clinical
reports. In this study, unless otherwise specified, we impose a pulsating
pO, with a mean value of 95 mmHg at the inlets [22,23] and a no-flux
boundary condition at the outlet cross-sections. The pO, at the outlets
of the simulated system is allowed to vary and changes dynamically
throughout the simulation.

The bound O, concentration depends on Cj by:

Cp =4CyyH 1 Syp(Cr), (€))

where Cy;, is the hemoglobin concentration in the RBCs, H,, is the
hematocrit, and Sy, is the O, saturation of hemoglobin. The value of
Cy, is typically measured in terms of the mean corpuscular hemoglobin
concentration (MCHC), which is the average concentration of
hemoglobin in a given volume of packed RBCs. The normal range for
MCHC in humans is approximately 34 + 2g/dL [24]. When taken to-
gether with the molar mass of hemoglobin in adult human hemoglobin
at approximately 64,500 grams per mole (g/mol), Cp;, ~ 5.3 x 1073 M.
The capillary hematocrit is generally lower than the systemic hemat-
ocrit as well as the arterial hematocrit. While the systemic hematocrit
in adult humans is generally in the range of 35-50% [25], the effective
H,, in capillaries can vary between 15% to 35% [20,26,27]. The O,
saturation of hemoglobin Sy, is governed by the Adair equation [28]:

X"+ bXx"
Syy(Cp)= 22122 9
1o CF) = Xy bx ©

where X CF_/a100.024(37—Ttemp)+0.4(pH—7.4)+0.0610g(40/pC02) [28]. The

fitted parameterls)fodenoted as a, b, ¢, and n, are 0.34332, 0.64073,
0.34128, and 1.58678, respectively [28]. The temperature Tiepy,, par-
tial pressure of CO, (pCO,), pH value and half-saturation pressure
of hemoglobin P, are set at 37 °C, 40mmHg, 7.4, 26.8 mmHg [20],
respectively.

2.3. Permeation, consumption and diffusion of O, in the tissue

In this model, we assume that any O, crossing the vessel wall
disperses uniformly across the tissue volume perpendicular to the vessel
axis as assumed in [7]. We also consider the diffusion within the
surrounding tissues in the direction parallel to the vessel axis to avoid
unrealistic sharp change in the O, content (as indicated in Fig. D.1).
Similar to [6,10], we ignore the interstitial space and do not con-
sider any potential advection within the extravascular regions. The
surrounding finite tissue volume of a capillary is modeled as a 1-D
line (Fig. 1). Correspondingly, the equation for regional permeation and
consumption (chemical reactions) as well as diffusion of O, in the tissue
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is given by:
dCh(x,t) kA d*ct d*s
F\™ w t 1 ! F Mb
— = —(Cr = CL)—=MVO,(C.)+ D + Dy, C s
T v (Cr—Cp) 2 (Cp) + Dy 2 mbCms =3
(10)

where the last two terms describe the diffusion of free O, and O,
binding to the tissue myoglobin [6,7,10,20]. The tissue free O, diffusion
coefficient, D’F, is the same as that in blood (i.e., D’F = Dp = 241X
1075 cm?/s). The myoglobin diffusion coefficient D,,, is taken to be
D, /110 [6]. The tissue myoglobin concentration Cy, = 1x 10~ M. The
binding of O, to myoglobin is governed by the two-state equilibrium
expression [6]:
CI

£ an

Sup(Ch) = ——L—
MPEEETT Cr + Gy

where Cj, is the free O, concentration at 50% saturation that has a
value of 2.5 Torr (1 Torr # 1 mmHg). In Eq. (10), V; is the tissue volume
associated with the capillary vessel. The ratio of capillary blood volume
to myocardial tissue volume, V,/V;, also known as capillary volume
fraction or capillary volume density, is an important morphometric
parameter and can vary inter- and intra-species. The ratio of coronary
artery volume to myocardial volume is reported to be approximately
2.52% (min: 0.56%; max: 6.25%) in human hearts [29]. The ratio of
capillary volume would reasonably be expected to be higher than that
of large coronary arteries due to the dense network of capillaries in
the myocardium. In this study, we prescribed V,/V, = 8% based on
measurements showing that there are approximately 0.75 capillaries
for every muscle fiber in the left ventricle (0.65 capillary for every
myofiber in the right ventricle) of rats [30] and approximately 1
capillary for every muscle fiber in humans and dogs [31]. We note that
the diameters of a healthy adult cardiomyocyte and coronary capillary
are typically 10-25 pm [32-35] and 5-8 pm [36], respectively.

The rate of O, consumption MVO, in Eq. (10) is a function of
the free O, concentrations in the tissue and can be modeled based on
Michaelis-Menten enzyme kinetics [6] by:

GaxC!

MVO,(C}) = ——+, 12
C\+K,

where G, is the maximum rate of O, consumption and represents the

maximal capacity of the tissue to consume O, when O, availability is
not a limiting factor. The parameter G,,,, serves as a reflection of the
tissue’s maximum metabolic needs. In healthy humans, MVO, of the en-
tire heart is estimated to be approximately 25.2 mL/min [37], which is
equivalent to 65.625 pM/s.? In this study, we prescribed G,,,, = 70 pM/s
for the control/normal case. In Eq. (12), K,, is the apparent Michaelis
constant for O, conversion by cytochrome oxidase, which reflects the
O, affinity of cytochrome oxidase (the affinity of the cellular respiration
machinery for O,). A smaller K,, indicates a higher affinity of the tissue
for O, that produces a higher reaction rate. In the myocardial tissue,
the affinity of mitochondrial enzymes for O, is high, which ensures that
aerobic metabolism in the heart is maintained even when O, levels are
relatively low. Correspondingly, we prescribed K,, = 0.1 pM based on
a previous study [6]. The relationship between .Sy, and blood pO,, as
well as between MVO, and tissue pO,, is illustrated in Fig. D.2.

2.4. Oxygen metrics

The oxygen extraction ratio (OER) is defined as the fraction of O,
removed from the blood during its passage through the capillaries,

3 by a factor of 2.6, given that 1mol = 22,400 mL, the typical human heart
weighs 300 g with a density of 1.05g/mL, and 1 pM = 1 x 10~° mol/mL.
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and is commonly calculated based on the difference between oxygen

content of arterial blood and oxygen content of venous blood, i.e.:

Ca0, — CvO,
CaO,

where CaO, is the pre-capillary arteriolar O, content and CvO, is the
post-capillary venular O, content. The unit commonly used for CaO,
and CvO, is milliliters of O, per deciliter of blood (denoted as ‘mL
0,/dL blood’, i.e., ‘mL 0,/100 mL blood’), reflecting the volume of
oxygen carried in 100 mL blood. The post-capillary venular O, content
CvO, includes both the O, bound to hemoglobin and the free O,
dissolved in plasma at the cross-sectional area A, of all outlets, and
can be calculated by:

OER = x 100, 13)

1 to+T 1 Xout+0x
CV02 = ?/, m/x Ac(x,t)~ (CF(X,Z)+CB(X,T)) dxdt,
¢

0 out

14)

where A% represents the total cross-sectional area of all outlets;
A.(x,1) denotes the cross-sectional area at position x and time 7; T
denotes the timespan associated with the analysis, such as the period
of a single breathing or cardiac cycle; éx is a very short axial distance
over which the concentration of oxygen can be reasonably assumed to
be constant and uniform. The term §x is introduced to simplify the
understanding of the mathematical definition of CvO,. The purpose
of the factor 1/A%6x can be understood by considering two outlets
with O, contents of 1 mol O,/1 mL blood and 3 mol O,/1 mL blood,
respectively. Accordingly, the CvO, should be 1.5 mol O,/1 mL blood
(or equivalently 3 mol O,/2 mL blood), rather than 2 mol O,/1 mL
blood. The pre-capillary arteriolar O, content CaO, is computed in the
same way using Cp and Cj at the inlets. Both C and Cp obtained
through Eq. (7) are expressed in mol/mL (or mol O,/1 mL blood*),
reflecting the amount of O, carried in 1 mL blood.

The rate of tissue oxygen extraction (OE) for a given tissue volume
(V) is calculated by:

1 to+T 1 x+L
OE = —/ —/ xD(x,1) - Kk, (Cp(x,1) = Ch(x,1)) dxdt,  (15)
TJ, Vil

where D and L are the vessel diameter and length, respectively. The
OE computed from Eq. (15) is expressed in ‘mol O,/s/1 mL tissue’.> At
the steady-state, the OE is identical to the rate of oxygen consumption
by the myocardium, i.e., MVO, (Eq. (12)).

2.5. Capillary network

We consider six capillary networks (Figs. 1b and D.3) generated
based on previous studies [13,36]. The representative (baseline) net-
work shown in Fig. 1b consists of 10 arterioles, 10 venules, and
729 capillaries. The branching ratio between capillaries and arterioles
or venules is 3. To examine the effect of the network structure on
oxygen-related metrics, we also considered five additional networks
(Fig. D.3) that differ in the branching ratio between capillaries and
arterioles/venules, as well as in capillary cross-connections within ex-
perimental measurements [36]. In all networks, the distribution of
arterioles and venules is generated pseudo-randomly based on the mean

4 The unit of ‘mol O,/mL blood’ can be directly converted to ‘mL O,/dL
blood’ by a factor of 2,240,000. Note that a hematocrit value of 0.25 (H, =
0.25) is used in the calculations for pre-capillary CaO, and post-capillary CvO,.
These values are expected to be lower than the arterial O, content found in
larger vessels, which typically have a hematocrit of 0.45. We note that the
normal arterial O, content is approximately 20 mL O,/dL blood in larger
vessels in a healthy person.

5 This unit can be directly converted to the more commonly used unit of
‘mL O,/min/100 mL tissue’ by a factor of 134,400,000 (note that 1 mol/s =
1,344,000 mL/min).
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Fig. 2. Boundary Conditions. Pulsatile waveforms of (a) inlet pressure (P;;,), (b) outlet pressure (P,,), and (c) intra-myocardial pressure (IMP) within a cardiac cycle applied at the
inlets and outlets as well as at each vessel wall of the capillary network. These pressure waveforms and their mean values are based on previous studies [13,25,38]. (d) Waveform
of pO, within a respiratory cycle based on [23,39] is prescribed at all inlets (arterioles) of the network. Different combinations of pulsatile P;, P, and IMP result in a total of
27 “pulsatile” simulations, each with varying inlet, outlet, and intra-myocardial pressures. Dashed and dash-dotted lines in (a) and (b) represent waveforms with different mean
pressures. Dashed line in (c) corresponds to waveform associated with the endocardial IMP, while the dash-dotted line corresponds to waveform associated with the epicardial

IMP.

functional capillary lengths (i.e., linear distance between the centers
of mass of adjacent arteriolar and venular domains) measured in pigs,
which is 510+ 178 pm in the right ventricle and 512+ 163 pm in the left
ventricle [36]. The average distance between an arteriole source and
its closest venule sink is approximately 510 + 170 pm for all networks
considered (Figs. 1b and D.3).

2.6. Simulation cases

The computational model was first verified against the analytical
solutions found in a single vessel. Sensitivity analyses were subse-
quently performed on the capillary network (Fig. 1) to understand
the effects of key model parameters. Simulations of O, transport were
also performed on the capillary network to investigate changes in
oxygen-related metrics under pulsatile and non-pulsatile perfusion.

2.6.1. Single vessel numerical solution verification

Simulations of (1) O, ‘advection + diffusion’ in a single capillary
vessel and (2) O, permeation across a single capillary vessel wall were
performed and their results were verified with analytical solutions. For
these simulations, the capillary vessel has a diameter of D = 6 pm
and a length of L = 1000 pm (vessel surface area A = zDL; vessel
cross-sectional area A, = 7 D?/4; vessel volume V, = A.L).

In the verification simulation of O, ‘advection + diffusion’ in a single
capillary vessel, the vessel wall permeability is set to zero, i.e., x,, =0

(i.e., no permeation). The oxygen diffusion coefficient Dy is set to
2.41 x 107 cm?/s and we consider only free oxygen, i.e., Cp = 0
and C; = Cr. A Gaussian-hill-type concentration was introduced at
I = 0.3mm. We consider advection-dominated transport where the
flow rate in the vessel is Q = 1.5 x 1073 mm?/s (velocity U = Q/A,)
(Fig. 3a; Peclet number Pe = 110) and diffusion-dominated transport
where Q = 1.5 x 10~ mm?3 /s (Fig. 3b; Pe = 0.11).

In the verification simulation of O, permeation across a single capil-
lary vessel wall, we set x,, =35um/s, U =0, Dp = Dy, =0, G, =0,
and V; = V. Initial blood pO, was set to 95 mmHg and tissue pO, was
set to 0 mmHg.

2.6.2. Sensitivity analyses

To better understand the model, steady-state simulations were per-
formed on the capillary network (Fig. 1) to analyze how pO, and
oxygen-related metrics change with key model parameters. The sen-
sitivity analyses were performed with respect to the baseline values
shown in Table 1. In these analyses, we vary the maximum rate of O,
consumption G,,,,,, ratio of capillary blood volume to myocardial tissue
volume V, /V,, capillary permeability «,,, blood flow rate Q, and vessel
diameter D by a factor of 0.5, 0.75, 1.25, and 1.5 with respect to their
corresponding baseline values. We also vary H,, by a factor of 0.4, 0.8,
1.2, and 1.8 with respect to the baseline values. The inlet (arterioles)
partial pressure of oxygen pO, is prescribed to be 95 mmHg in these
simulations.
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Table 1

Baseline values of the hematocrit H,, maximum rate of oxygen consumption G,,,,
vascular volume fraction V,/V,, permeability «,, average flow rate Q,,..,, and average
diameter D, ... Opean and Dpe,, are computed over all capillaries in the network
(Fig. 1), where the constant inlet, outlet, and intra-myocardial pressures at the inlets,

outlets, and vessel walls are set at 40 mmHg, 20 mmHg, and 20 mmHg, respectively.

H, G VilV, Ko Omean Diean
(%) (WM/s) (%) (pm/s) (mL?/s) (pm)
25 70 8 35 4.1x107° 5.9

2.6.3. Simulations of nonpulsatile and pulsatile perfusion

Simulations with pulsatile and non-pulsatile perfusion were per-
formed to compare their predictions of oxygen-related metrics. In
total, 27 simulations with varying inlet, outlet, and intra-myocardial
pressures based on pulsatile pressure waveforms (Fig. 2) from previous
studies [13,25,38] were performed on the capillary network (Fig. 1).
Temporal variation of O, concentration is also considered where the
waveform shown in Fig. 2d based on [23,39] is applied at all inlets
of the network for each “pulsatile” simulation. We note the significant
difference between respiratory rates (12 to 20 bpm) and heart rates
(60 to 100 bpm), where some studies have shown that the temporal
variation of arterial pO, follows the respiratory cycle [23,39]. For each
“pulsatile” simulation, the mean value of the pressure waveforms over
a cardiac cycle and the mean value of pO, over a respiratory cycle are
used in the corresponding “non-pulsatile” simulation. Baseline values
of H,, G V,/V,, and k, shown in Table 1 were used in all the

ctr max?
simulations here.

3. Results
3.1. Verification of the numerical solution

Fig. 3 shows the comparison between numerical and analytical
solutions of the dynamic change in pO, over time under different
conditions, namely, (1) advection-dominated transport (Peclet number
Pe = 110), (2) diffusion-dominated transport (Pe = 0.11), and (3) O,
permeation across a single vessel wall. The differences between the
numerical and analytical solutions of advection dominated (Fig. 3a),
diffusion dominated (Fig. 3b) and permeation O, transport (Fig. 3c)
are all less than 1%. Details of the analytical solutions are given in
Analytical Solutions for Benchmark Tests. In the figure, an increase in
flow rate by a factor of 1000 (Fig. 3a), where Pe = 110, causes the
pO, concentration waveform to travel 1000 times faster compared to
that when Pe = 0.11 (Fig. 3b). On the other hand, higher permeability
results in the blood and tissue pO, equilibrating earlier downstream
(Fig. 3c).

3.2. Sensitivity analyses

Fig. 4 shows the effects of H,,, V,/V;, O, D, G, and k,, on the
OER, MVO, (i.e., tissue O, extraction rate), blood pO,, and tissue
pO,. At baseline, the OER is 66%, MVO, is identical to tissue O,
extraction rate and equal to 8.2mL O,/min/100 mL tissue, blood pO,
is 32 + 12mmHg, and tissue pO, is 11 + 10 mmHg.

With increasing hematocrit H,,, MVO,, tissue and blood pO, are all
increased while OER is reduced (Fig. 4a). The increase in MVO, with
H,, is nonlinear, where the increase is larger at low H,, before reaching
saturation at approximately 12% higher than the baseline when H,, =
0.45. The effects of vascular volume fraction V,/V; and flow rate Q on
the O, quantities (Fig. 4b,c) are similar to that with H. Similarly,
MVO, becomes saturated at 115% and 110% of the baseline value as
V,/V, and Q are increased, respectively. At the highest level of V,/V,
and Q, tissue pO, is 395% and 170% of the baseline value, blood pO, is
139% and 123% of the baseline value, and OER is 56% and 72% of the
baseline value. Increasing vessel diameter D results in opposite changes
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with respect to the parameters H,, V,/V, and Q (Fig. 4d). Specifically,
MVO,, tissue and blood pO, are all decreased while OER is increased
with increasing D. Increasing maximum O, consumption rate G,
and capillary wall permeability «,, affects OER and MVO, similarly
(Fig. 4e,f). Specifically, as G,,, and «,, are increased, both OER and
MVO, saturate at approximately 110% and 108% of their baseline
values, respectively. Unlike H,,, V},/V; and Q, the blood pO, is reduced
with increasing G, and «,,. Tissue pO, level is increased (by 63% at
the highest level) with «,,,, but is reduced (by 86% at the highest level)
with G,,,.. The pre-capillary O, content remains stable across these
parameter changes, except when adjusting H,,. Increasing H,, from 0.1
to 0.45 linearly raises the pre-capillary O, from 5mL O,/dL blood to
21 mL O,/dL blood.

3.3. Comparison between non-pulsatile and pulsatile perfusion

Fig. 5 shows the predicted spatial distribution of pO, in the blood
and tissue associated with the capillary network under both pul-
satile and non-pulsatile perfusion. The mean inlet, outlet, and intra-
myocardial pressures applied to the capillary network are 40 mmHg,
20mmHg, and 20 mmHg, respectively. There is no significant difference
in the spatial distribution of pO, in the blood and tissue of the capillary
network between the pulsatile and non-pulsatile perfusion cases.

Fig. 6 shows the comparisons of the predicted oxygen-related met-
rics between the pulsatile and non-pulsatile perfusion simulation cases.
In the pulsatile group, OER is 67 + 15.1%, post-capillary O, content is
3.9 + 1.8 mL O, /dL blood, MVO, is 7.8 + 1.1 mL O,/min/100 mL tissue,
post-capillary pO, is 19.5 + 6.4 mmHg, tissue pO, is 10.1 + 3.9 mmHg,
time-average flow rate over a cardiac cycle is 4.5 + 1.2 x 10° mL/s, and
time-average capillary diameter is 5.9 + 0.1 pm.

Compared to the pulsatile simulations, post-capillary O, content,
MVO,, post-capillary venous pO,, tissue pO,, time-averaged flow rate
and vessel diameter are 17.5%, 4.4%, 13.2%, 19%, 3.6% and 0.02%
higher in the non-pulsatile simulations, respectively. The average OER
over all cases is 8.6% smaller in the non-pulsatile group. A two-tailed
t-test shows that there is no significant difference between these two
groups. Specifically, the lowest p-value is 0.12 in the model prediction
of post-capillary venous pO,.

Fig. D.3 shows the predicted spatial distribution of blood pO, in
five additional capillary networks under pulsatile and non-pulsatile
perfusion conditions. No significant differences were observed in the
blood pO, distribution between the two perfusion types. For each
vascular network, the spatial distribution of tissue pO, exhibits similar
patterns under both conditions, as illustrated in the representative case
shown in Fig. 5.

Fig. D.5 compares the predicted oxygen-related metrics between
pulsatile and non-pulsatile perfusion groups, each consisting of six
different capillary networks (Figs. 5 and D.3). The mean and standard
deviation were calculated for both perfusion types across all networks.
A two-tailed t-test revealed no significant differences between the
pulsatile and non-pulsatile perfusion cases across all capillary networks
considered (p-values > 0.05). Over all simulations (32 simulations for
each of the pulsatile and non-pulsatile perfusion groups; Figs. 6 and
D.5), the lowest p-value is 0.1 in the model prediction of post-capillary
pO, (Fig. D.6).

Fig. D.7 shows that the pulsatile amplitude of pre-capillary O,
concentration and its phase difference relative to the cardiac cycle
do not significantly influence the model’s predictions of O,-related
metrics. Furthermore, the mean amplitude of pO, across the capillary
network is approximately 2.5% of the inlet pO, (SD = 8.6%; Table 2).
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Fig. 3. Validations. Comparison of single-vessel numerical and analytical solution of (a) pO, profiles along the vessel for advection-dominated transport (Peclet number Pe = 110).

(b) pO, profiles along the vessel for diffusion-dominated transport (Pe = 0.11). (c) Blood and tissue pO, evolutions over time towards equilibrium under two different levels of
permeability: k! =k, vs. k} = 0.5, where «,, = 35um/s. In simulations shown in panels (b) and (c), the finite element size is AL = 0.01L and the time step size 4¢ = 0.02s. In
simulations shown in panel (a) where Pe = 110 as the flow rate is increased by a factor of 1000, the time step size is decreased by a factor of 1000 (CFL = 0.1) to avoid numerical
instability (larger CFL, particularly CFL > 0.5 caused non-negligible numerical errors as indicated in Fig. D.4). The pO, is related to the oxygen concentration, C, and the solubility

coefficient of oxygen, a, by pO, = C/a.

Table 2

Comparison of O, amplitude between pre-capillaries (inlets) and capillaries in the
network, indicating the impact of inlet O, on O, pulsatility within the capillary
network. Input waveforms are shown in Fig. 2. The mean pressures at the inlets, outlets,
and vessel walls are 40mmHg, 20mmHg, and 20 mmHg, respectively. The inlet pO,
amplitude (Fig. 2d) was modified between 10 mmHg and 30 mmHg.

Pulsatile O, Amplitude (mmHg)

Pre-capillary 10 20 30
Capillaries 0.24 +0.86 0.5+ 1.69 0.74 +2.58

4. Discussion

A major finding of our study is that the model predictions of O,-
related quantities without consideration of the pulsatile hemodynamics
and pO, do not differ much from those obtained when the pulsatile
behavior of these quantities is considered (with p-values > 0.05 in
statistical analyses; Figs. 6, D.5 and D.6). The simulations also show
that the spatial distribution of O, is insensitive to the pulsatile effects
of the capillary flow and pressure (diameter) (Fig. 5). The insensitivity
of the model predictions to the pulsatility of flow can be understood
by considering a purely advective O, transport in a single vessel with a
uniform (pulsatile or constant) flow. For this problem, the O, concen-
tration at any location x of the vessel is given by Cr(x,1) = Cy(xjpiers t —

7(x)), where the phase shift 7(x) is determined by solving x — X e =

OT(X) u(r)dt. As such, the O, concentration depends only on the integral
of the flow velocity and is not affected much by the flow pulsatility.
We also note that the pulsatile amplitude of the pre-capillary (arterial)
O, concentration as well as its phase difference relative to the cardiac
cycle does not affect the model predictions of O,-related quantities (See
Fig. D.7 in the Appendix D). Additionally, the mean amplitude of pO,
across the capillary network is approximately 2.5% of the inlet pO, (SD
= 8.6%; Table 2). This reduction in O, concentration pulsatility away
from the pre-capillaries (inlets) is expected, as diffusion attenuates O,
pulsatility (see Fig. 3b). These findings imply that it is appropriate to
ignore the pulsatility of flow and pressure when estimating O,-related
quantities in the model.

The computational modeling framework developed in this study
integrates hemodynamics with the transport of O, in/across a coronary
capillary network and the consumption of O, by the surrounding
tissue. Hemodynamics in the capillary network is simulated using
a 0-D nonlinear lumped parameter model [13], whereas O, trans-
port and consumption are described using a 1-D finite element model
that was numerically validated against analytical solutions (Fig. 3).
Model predictions of O, related metrics in the capillary network are
in close agreement with measurements. Specifically, the predicted tis-
sue pO, (10.1 + 3.9mmHg) and post-capillary venous pO, (19.5 +
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Fig. 4. Sensitivity Analysis. Changes in O, extraction ratio (OER), MVO, (identical to O, extraction rate by tissues), tissue pO,, and blood pO, with respect to changes in (a)
hematocrit (H,,), (b) vascular volume fraction (V,/V,), (c) flow rate (Q), (d) vessel diameter (D), (e) maximum oxygen consumption rate (G,,,), and (f) capillary wall permeability
(x,) at steady-state in the capillary network. “Relative Ratio” represents that these oxygen-related metrics are rescaled and presented as dimensionless ratios relative to their
baseline values in a control case. In the control case, the parameters are as follows: OER is 66%, MVO, is 8.2mL O,/min/100mL tissue, blood pO, is 32 + 12mmHg, and tissue

pO, is 11 £ 10 mmHg.

6.4mmHg) are within measured values in the myocardial tissue (~7
to 23mmHg) [40-42] and the coronary sinus (~20 mmHg) [43,44],
respectively. Predictions of MVO, (equivalent to O, extraction) (7.8 +
1.1mL O,/min/100 mL tissue) and OER (67+15%) are also in agreement
with measurements of MVO, (~8.8mL O,/min/100mL tissue) [37,41,
45] and OER (~67 + 12% from porcine studies) [46].

Sensitivity analyses conducted on the model reveal the effects of
various physiological parameters on oxygen levels in the blood and
tissues. The pO, levels in both blood and tissue are positively correlated
with increases in hematocrit H,,, vascular volume fraction V,/V,, and
flow rate Q (Fig. 4a,b,c), which implies that an increase in these
quantities enhance the oxygen transport capacity and delivery. This
result is expected because of an increase in these quantities is associated
with an increase in red blood cells. Without an increase in the tissue’s

maximum rate of oxygen consumption G,,,,, however, OER decreases
because the O, supply rate surpasses the consumption rate (Fig. 4a,b,c).
Interestingly, the model predicts a reduction in the O, extraction rate
when blood flow rate is reduced (Fig. 4c). While this result may appear
to be counter-intuitive as one may expect myocardial cells to have more
time to extract more oxygen when blood passes the capillary network
slowly, the key reason for this behavior is the reduction in the tissue
pO, (i.e., decreased O, availability) as shown in Fig. 4c.

The sensitivity analyses also show that the pO, levels are inversely
related to the vessel diameter (D) (Fig. 4d) because a larger diameter D
corresponds to a larger surface area that facilitates diffusion across ves-
sel walls. On the other hand, the pO, levels in the tissue and blood are
also inversely related to the maximum rate of oxygen consumption G,,,,,



H. Wang et al

Computer Methods and Programs in Biomedicine 258 (2025) 108486

(b)

T 1T T T T T I
I | 1 |- I
1 1 1 b 8 11 1 1
- I T T I TT
Q T T 1 T 17
= T 1T T I 11
O[T 1 1 11 I
0 T 1T T T
Sl 1 11 1 1 A
o T T T T 1T 1
IL 1 1 b )
T 1 T T T T |
- I T I 11
L 1 1 1 | | 1 | 1
I 1 I | i - T | I | 60
T T I I T I (o)
o1 T T T T 1 1 S
= T > (o 1T =
@© I 1T 1 T T 7T €
] 8 ——— . i — 1T ot
> N
T 1 I o)
[l . j W | 1 | | Q
= 1 T I | (o = -
o I | 11T 1 3
z T T 1T T T 0w o
I 1T 11 L I 11 @
T T [ 171 T T - T 0
(a)
= = I = r= 11T T T T
T I 1 I - | I
1 1 1 | I . i i
I T T I 1
Q@ T T 1T T TT 17
= 1 11 1 LI 1 11
@© T T 1 1 T 1T 1T
0 1 1 I T
S ) o ) G | 1 1 1
o 1 I I 11
| | 1 1 | ) W — |
T | I 1T T T 1
T ) — ) ¢ T T 1 y i o
L1 1.1 1 11 1 1 1
T . T T | T 60
1 I 1 & T o I — S
oOT 5 =95 o= ) D T T
e 1 o @ 1 J1 1 =
(0] 1 ) [ | L1 I 1 £
= e —ret—— T — o~
>
1 1 1 I o)
1] I - T I 1T T T ol
c T T T 1 1 °
() T T T T 1 1T T 2
Z[ T —71 T 1T T T T 2
T I A . 1 T 1 B 2
T 1T 11 I 11 1 I | 0

Fig. 5. Pulsatile vs. Non-pulsatile Simulations. Comparisons of pO, distribution in (a) blood and (b) tissue with pulsatile and non-pulsatile perfusion in a representative case with
the mean inlet, outlet, and intra-myocardial pressures applied to the inlets, outlets, and vessel walls of the capillary network being 40 mmHg, 20 mmHg, and 20 mmHg, respectively.
The snapshot for the pulsatile perfusion is taken at ¢+ = 1.2s when the inlet pO, is 95 mmHg as shown in Fig. 2d. The temporal variation in the spatial distribution of pO, within
the network is visually indistinguishable, due to the small pulsatile variation in the inlet pO,, which is especially minimal compared to the large difference between pre-capillary

and post-capillary pO, (~10mmHg vs. ~80 mmHg). We also note that diffusion tends to diminish the amplitude of the concentration pulse.

(Fig. 4e), which is associated with a higher metabolic activity (e.g., dur-
ing exercise and cardiac hypertrophy) [37,45]. Correspondingly, this
leads to faster depletion and extraction of oxygen that reduces pO,
levels and increases OER. Capillary vessel wall permeability «,,, which
can be increased in diabetes [47,48], produces different effects on
the pO, levels in the tissue and blood (Fig. 4f). Higher permeability
allows for more transvascular fluid exchange, enhancing the transfer
of O, into the tissues. This reduces blood pO, and increases tissue pO,.
This effect is particularly pronounced when the tissue’s capacity for O,
consumption has reached its limit; under such conditions, additional
O, diffusing into the tissue accumulates, thereby increasing the tissue
pO,, as shown in Fig. 4f. Correspondingly, the OER is increased with
an increase in «,, due to enhanced O, extraction (Fig. 4f).

This computational modeling framework also serves as a foundation
for future patient-specific studies. By incorporating patient-specific data
such as coronary vasculature data at medical imaging resolution (cap-
illaries can be extrapolated based on branching pattern rules), arterial
pO,, and venous pO,, the model can be calibrated further, and then
applied to predict individualized effects of heart diseases (e.g., my-
ocardial ischemia/infarction) and treatments (e.g., coronary venous

retro-perfusion or reperfusion) on the microvasculature hemodynamics
and tissue oxygenation, which are difficult to measure in vivo.

Limitations

The computational modeling framework has several limitations.
First, the model does not consider O, advection within myocardial
tissue and diffusion across the tissue volume perpendicular to the vessel
axis, which may affect the spatial distribution of tissue pO,. Second,
we do not consider the effects of O, concentration on hemodynam-
ics. Under specific pathological conditions (e.g., ischemia) where O,
concentration and hypoxia can become major drivers of blood flow
regulation, the regulatory mechanisms may be altered to prioritize
O, delivery to critically affected tissues. In general, however, O, is
typically not the primary determinant of blood flow. Rather, blood
flow is primarily regulated by factors like vascular tone, autoregulation,
neural control, and metabolic demand, as discussed in [49]. Third,
we apply a no-flux boundary condition at each outlet of the capillary
network to simplify the model. While this simplification can produce
pO, level at the outlets that are comparable to those measured in the



H. Wang et al

0.15

Computer Methods and Programs in Biomedicine 258 (2025) 108486

HEl Pulsatile
I Non-Pulsatile

0.12

Fig. 6. Pulsatile vs. Non-pulsatile Simulations. Comparisons of oxygen-related metrics between the cases with pulsatile and non-pulsatile perfusion, where the vertical lines on
the bars represent the standard deviations over all simulations (27 simulations for each of the pulsatile and non-pulsatile perfusion groups) and the p-values from a two-tailed
t-test are shown above the vertical lines. In the non-pulsatile group, the average OER over all cases is 8.6% smaller than that in the pulsatile group, and the post-capillary O,
content (units: mL O,/dL blood), MVO, (in equilibrium with O, extraction, OE) (units: mL O,/min/dL tissue), post-capillary venous pO,, tissue pO,, time-average flow rate and
vessel diameter over a cardiac cycle are 17.5%, 4.4%, 13.2%, 19%, 3.6% and 0.02% higher, respectively, than those in the pulsatile group. The input pre-capillary O, content is
11.9mL O,/dL blood in all cases. The one-tailed p-values, which can be directly obtained by halving the corresponding two-tailed p-values since the directionality supported by

the data, are all greater than 0.05.

veins, it may not apply in some scenarios such as coronary venous
retroperfusion, where oxygen dynamics at the venous end might be
significantly altered. Fourth, although model parameters were derived
from measurements and previous studies, which in principle reduces
the uncertainty in the model parameters, measurement errors and
inter-individual variability may still influence the results. Uncertainty
analysis can help refine the model parameters.

5. Summary

In summary, we developed a computational modeling framework
that integrates coronary capillary flow with the transport of O, in and
across the capillary network. The model predictions agree with analyt-
ical solutions and experimental measurements. Compared to existing
models, this modeling framework is more generic as it can be applied to
both steady-state and time-dependent problems. We show that there is
no significant difference in the model predictions of O,-related metrics
between cases where pulsatile behaviors (of the flow and O,) are
considered and cases when the pulsatile behaviors are neglected. This
finding implies that it is reasonable to neglect the pulsatile behavior
when analyzing O, transport in the coronary capillary network.
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Appendix A. Generalized network formulation

The microcirculation network is described by a system of nonlinear
ODEs obtained from invoking mass conservations in each vessel i with
flow Q; (Eq. (2)) and at each junction point, i.e.,

0,=0, (A.16)

™-

i=1

where k is the total number of vessels connected to the junction.
We solve the coronary network flow based on mass conservations at
each vessel midpoint (Eq. (2)) and at each vessel’s nodal junction

(Eq. (A.16)). Under the assumption that act _ 0, Eq. (2) can be
rearranged as:

mid _ 2G' L,

2t = o Bt Fow 2P+ (A-17)
where G' = % = %. The mass conservation at the inlet node of a

1 2 .
vessel i connected to k vessels yields:

k
(PLg= PG + Y (Pl — PG/ =0, (A.18)
Jj=1

ie.,
.
PriaG' + XZjoy Prg G’
G+Y, G

i
in

(A.19)

Similarly, applying mass balance at the outlet node of the vessel i
connected to m vessels (where m is not necessarily equal to k) gives:

o em o o
o PriaG 2 PrigC (A.20)
out ™ G+3Ym G '

Eventually, by inserting Egs. (A.18) and (A.19) into Eq. (A.17),
we obtain a system of N nonlinear ODEs for an arbitrary network
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consisting of N vessels in total. The N nonlinear ODEs describing the

intravascular pressure at the midpoint of each vessel based on the

pressures in its corresponding neighbors can be expressed in matrix

form as:

deid
dt

= AP, ;4 +B. (A.21)

Appendix B. Weak forms of the 1-D oxygen transport model

B.1. Blood domain

Eq. (7) can be rewritten as:

d—IT +L(Cp,Cp)= S (B.22)
where S = 6C!,, 0 = Kl“;A and

CT d*Cp
L(Cr,Cp) =U—L = Dp— +0Cp. (B.23)

Note that C; is a function of Cp.
Using the fourth-order Padé approximation for the time discretiza-
tion, Eq. (B.22) can be rewritten as:

dc.
d—tT + W (L(ACy, ACp) — AS) = w (8" — L(C}.C)) (B.24)
where
Cn+l/2 _cn
AC, = <C5+1 ~ c;*Tl n ) (B.25)
C;'f]/z (C"Jrl + C7)/2, and this also applies to ACy and 4S.
1 (7 -1
_ﬁ<13 5). (B.26)
0.5
= . B.2
w <0.5> (B.27)

Note that C7. and C}, are from the previous time step. The residual term
is:

dc
R(ACy, ACR) = d—tT + W (L(ACy, ACy) — AS) —w (8" - L(C}.C)) .

(B.28)

Finally, the consistently stabilized weak form of the problem is given
by:

dacy
(@, 7) + (0, W (L(ACy, ACE) — AS)) — (w,w (S" — L(C}., CR)))

+ ) (P(@), R(ACr, AC)) = 0, (B.29)
e
where the intrinsic time scale matrix is:
w-'  (2u 4D -
=|— - 1 w—, B.30
T m +< T ) +o ( )

and the P operator characterizes the stabilization technique. For SUPG,
P = WU V. The stabilization terms, ', (zP(w), R(ACy, AC})), spans all
finite elements.

B.2. Tissue domain

When considering diffusion in tissue:
t t,n

t t CF t
F"H(C ;Cpiv) = A Cpvdx

- K, A
—dex—/ 4 (Cp -

At o
+/MV02vdx

Q

dct 4,
+ [ Dp—LE%ax
/QFd dx
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d(C! Cr + C.
/ Dy oy it C50)) e/ ol dv, (B.31)

dx dx
Eq. (10) can be also rewritten in a form as Eq. (B.22), where
d?Sy,(CL)
dx?

d>C,
L(CY) = 7cr +MVO,(CL)~Dp - E o DyisCors

, (B.32)

and 5" = 4 -£=Cy. Using the fourth-order Padé approximation for the
time dlscretlzauon the weak form of the problem shown in Eq. (B.31)

is given by:
1

dct,
(o, —)+(w W (L(AC}) — AS")) — (w,w (S —

L(CH)=0. (B.33)
Appendix C. Analytical solutions for benchmark tests
For an ‘advection + diffusion’ problem given by:
dCr(x,1) dCp(x,1) d>Cp(x,1)
= - D .
dt dx *OF dx? ' €39

with the boundary conditions of C(0,7) = 0 and Cr(L,?) = 0, and the
initial condition

Cr(x,0) = Coe_<?> , (C.35)

where C, is prescribed and equal to apO, with pO, = 95mmHg and
a = 1.35 x 10712 mol/(mm? mmHg), x, = 0.3L, and the characteristic
length I, = 0.03L, the exact solution is:
2
| x—xo-Ut
Co e [Ic\/l+4DFr/I%] )

Cp(x,t) =
\/1+4Dp1/12

(C.36)

The permeation problem of O, flux across the vessel wall is vali-
dated by uniformly initializing the vessel pO, at 95mmHg, i.e., Cg =
Cp(t = 0) = 95 mmHg/a. The initial tissue pO, is set to 0 mmHg, and
the tissue oxygen consumption to 0. Then, we have:

dCr(x,1) KA
it A ——(CF Ch), (C.37)
dt
dCL(x,) Kk, A
= _(CF ) (C.38)
dt
For easier understandlng, Egs. (C.37) and (C.38) can be rewritten as:
dCp(x,1) dCp(x.1)
Z—ZV,, =JA, ';—IV, =—JA, J =—K,(Cp—Ch). (C.39)
When V, =V, these two equation can be rewritten as:
dCL(x,t)  dCp(x,1) K, A
F\™ F\As w t
- =2——(Cp - C5}). C.40
dt dt v, €r=Cp) (C40)
The analytical solutions are:
co K,LA
Crn == <l+e v ) (C.41)
and
foil _pKwh
chin = TF <1 —e W ’). (C.42)

Appendix D. Supplementary results

Fig. D.1 shows the comparison between cases with and without
considering O, diffusion in surrounding tissues along the direction
parallel to the vessel axis. It is evident that accounting for O, diffusion
within surrounding tissues helps prevent unrealistic sharp changes in
O, content in the tissues.

Fig. D.2 shows the visualization of the relationship between .Sy,
and blood pO,, as well as between MVO, and tissue pO,.

Fig. D.4 shows that large Courant-Friedrichs-Lewy (CFL) numbers,
particularly when CFL > 0.5, lead to non-negligible numerical errors.
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Fig. D.1. Comparison between cases with and without considering O, diffusion in
tissues using a single vessel. The vessel diameter and length are D = 6 pm and
L = 550 pm, respectively. The flow rate is QO = 3.6 x 10 mL/s. The maximum O,
consumption rate is G,,,, = 70 uM/s. Dashed lines show tissue pO, and continuous lines
for blood pO,. woTissueDiff, without considering O, diffusion in surrounding tissues;
wTissueDiff, with considering O, diffusion in surrounding tissues.

To prevent numerical instability and ensure the prediction accuracy, a
CFL value of 0.1 is recommended.

Fig. D.7a shows that the pulsatile amplitude (pulsatility) of the
pre-capillary (arterial) O, concentration does not affect the model
predictions of the O,-related quantities. For example, the OER is 78.93,
78.94, and 78.99 in cases where the amplitudes of pre-capillary pO, are
0mmHg, 10mmHg, and 30 mmHg, respectively. Fig. D.7b shows that
the O,-related quantities are also not sensitive to the phase difference
between the respiratory cycle and the cardiac cycle, as well as to the
ratio between the respiratory and heart rates, even when the ratio is
non-integer.

Data availability

All data generated or analyzed during this study are included in the
article/appendix. Further inquiries can be directed to the corresponding
author/s.
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Fig. D.2. (a) The oxygen-hemoglobin dissociation curve, showing the proportion of hemoglobin in its saturated form against the blood oxygen tension; (b) O, consumption rate
as a function of tissue oxygen tension (Eq. (12)). Note that the oxygen tension pO, is related to the free oxygen concentration, C, and the solubility coefficient of oxygen, a, by
pO, =Cy/a.

Fig. D.3. Spatial distribution of blood pO, in 5 different capillary networks with pulsatile and non-pulsatile perfusion. The mean inlet, outlet, and intra-myocardial pressures
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applied to the capillary network are 40 mmHg, 20 mmHg, and 20 mmHg, respectively. The input pulsatile waveforms are shown in Fig. 2.
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Fig. D.4. Compared to Fig. 3b, only the time step size increased in these 2 cases: (a) CFL = 0.5; (b) CFL = 1. A Courant-Friedrichs-Lewy (CFL) number less than 1.0 is often
assured in numerical simulations.
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Fig. D.5. Comparisons of oxygen-related metrics between the cases with pulsatile and non-pulsatile perfusion in 6 different capillary networks (as shown in Figs. 5 and D.3),
where the vertical lines on the bars represent the standard deviations and the p-values from a two-tailed t-test are shown above the vertical lines. The lowest p-value is 0.19 in
the model prediction of post-capillary pO,.
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Fig. D.6. Comparisons of oxygen-related metrics between the cases with pulsatile and non-pulsatile perfusion over all simulations (32 simulations for each of the pulsatile and
non-pulsatile perfusion groups; Figs. 6 and D.5). The vertical lines on the bars represent the standard deviations and the p-values from a two-tailed t-test are shown above the
vertical lines. The lowest p-value is 0.1 in the model prediction of post-capillary pO,.
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Fig. D.7. Comparisons of oxygen-related quantities (a) between cases with different pulsatile amplitudes of the pre-capillary inlet pO, and (b) between cases with different
respiratory rates or phase shifts relative to cardiac cycle. The pulsatile inlet, outlet, and intra-myocardial pressures with the mean values being 40 mmHg, 20 mmHg, and 20 mmHg
(Fig. 2), are applied to the inlets, outlets, and vessel walls of the capillary network (Fig. 1), respectively. The mean pre-capillary pO, is 95mmHg in all cases. resp, respiratory;
card, cardiac.
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