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Abstract

A one-dimensional (1D) reaction-diffusion equation is presented to model oxygen delivery by the
microcirculation and oxygen diffusion and consumption in intact muscle. This model is motivated
by in vivo experiments in which oscillatory boundary conditions are used to study the mechanisms
of local blood flow regulation in response to changes in the tissue oxygen environment. An exact
periodic solution is presented for the 1D “in vivo” model and shown to agree with experimental data
for the case where the blood flow regulation system is not activated. Approximate low- and high-
frequency solutions are presented, and the latter is shown to agree with the pure diffusion solution
in the absence of sources or sinks. For the low frequencies considered experimentally, the 1D in
vivo model shows that as depth increases: i) the mean of tissue O, oscillations changes exponentially,
ii) the amplitude of oscillations decreases very rapidly, and iii) the phase of oscillations remains
nearly the same as that of the imposed surface oscillations. The 1D in vivo model also shows that the
dependence on depth of the mean, amplitude, and phase of tissue O, oscillations is nearly the same
for all stimulation periods >30s, implying that experimentally varying the forcing period in this range
will not change the spatial distribution of the O, stimulation.
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1 Introduction

The cells in all tissues and organs require sufficient oxygen in order to maintain normal
function. The microcirculation is the site not only of all direct blood-tissue transport of O,, but
also of regulation of blood flow to ensure sufficient local O, supply. The structural and
functional complexity of the microcirculation makes its study challenging to both
experimentalists and theoreticians, and this is especially true for the inherently time-dependent
dynamics of flow regulation. Experimentally, it is difficult to fully quantify three-dimensional
(3D) time-dependent blood-tissue transport of O, at the capillary level. It is therefore necessary
to supplement experiment with detailed computational modeling [1-3]. However, 3D
numerical simulations of capillary-tissue O, transport can require a large amount of processing
time and memory. Thus, although full 3D simulations are often needed to study the
microcirculation, it is of interest to develop simpler models when possible.
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In the present work, we seek to use mathematical modeling to improve understanding of
experiments being performed in the laboratory of Dr. Christopher G. Ellis at the University of
Western Ontario to study control of microvascular O, delivery [4,5]. In these experiments, a
computer-controlled gas flow chamber is used to specify the oxygen partial pressure (PO5) at
one surface of an intact rat skeletal muscle. By imposing sinusoidal oscillations on the muscle
surface POo, the tissue’s underlying O,-sensitive system of flow regulation [6] can be studied.
Since O, delivery is believed to be related to the integrated effect of local O, concentration
over a number of microvessels and their surrounding cells, to increase understanding of flow
regulation it is necessary to determine the full blood/tissue O, distribution resulting from the
imposed surface PO,. During these experiments, quantitation of capillary red blood cell (RBC)
supply rate and oxyhemoglobin saturation (SO5) is performed with a functional imaging system
based on dual-wavelength videomicroscopy [7-11]. However, local variations in tissue PO,
cannot currently be measured and supply rate or SO, data may not be available for all capillaries
that are affected by the oscillating surface PO,. In addition, it is not known how far the imposed
PO, oscillations penetrate into the muscle tissue and hence whether certain capillaries or larger
microvessels (arterioles and venules) are affected.

While full 3D simulations are planned to estimate tissue PO, and investigate its relation to
flow regulation, we have recently developed a simplified one-dimensional (1D) model that is
able to explain certain observed features and provide useful new information. Thus far, this
model has been applied to cases where the imposed oscillations in surface PO, do not trigger
the flow regulation system, i.e., where no significant changes occur in the RBC supply rate to
the capillary bed being observed. As shown in Figure 1, the measured capillary SO, in these
‘non-responders’ experiences periodic oscillations with a mean and amplitude that decrease
with depth into the tissue and a phase that remains close to that of the imposed oscillations in
surface PO,. Further, the decrease in oscillation amplitude with depth is not frequency-
dependent in the range of oscillation periods studied (30s—120s). Taking these SO5 results as
representative of the behavior of local tissue PO», it is apparent that O, oscillations in intact
muscle tissue do not propagate in the same manner as they would in a purely diffusive medium.
(See, for example, the analogous problem of the flow generated in a viscous fluid by a
sinusoidally oscillating plane boundary [12]). We seek a simple model that gives an accurate
description of the propagation of O, oscillations in live (but non-regulating) tissue and explains
the relationship to the classical results for pure diffusion.

In what follows, we present a 1D reaction-diffusion equation that models oxygen delivery by
capillaries and oxygen diffusion and consumption in muscle tissue. We present an exact
periodic solution for the 1D oxygen transport model and show that it generally agrees with
experimental data for the case where blood flow is not being regulated. We also present
approximate periodic solutions for the low- and high-frequency cases, the latter of which agrees
with the solution for pure diffusion. Finally, we discuss the importance of these results for
blood-tissue oxygen transport and for future work on local regulation of tissue O, delivery.

2 Mathematical Model and Exact Solutions

The mathematical model used is specifically tailored to skeletal muscle and the relevant
experimental conditions. To reduce the dimensionality of our model, we consider a fixed
arterio-venous (A-V) location (“y’ in Figure 2) in the capillary bed and assume that the
distribution of capillary convective O, supply is approximately homogeneous in the cross-flow
direction (‘z’ in Fig. 2). For simplicity, we also assume capillary homogeneity with depth into
the tissue (“x” in Fig. 2). In effect, the average values of capillary spacing and O, supply in the
z and x directions are being assumed in this model. Therefore, the 1D partial differential
equation used in the model could be derived through an averaging process as the zeroth-order
approximation to the full 3D equation that includes realistic heterogeneity in z and x. We expect
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that local deviations from the average properties assumed in the 1D model will lead to local
differences in the dynamics of tissue PO,. However, at this stage we are interested only in the
average (or bulk) behavior of tissue PO, as a function of time and depth, and so our 1D model
should represent an appropriate approximation.

In the experimental situation being modeled, the oscillating boundary PO, is such that the
tissue PO, in normal resting muscle remains relatively high. Therefore, neither oxymyoglobin
desaturation nor submaximal local O, consumption is expected. In this case, the role of Mb in
facilitating tissue O diffusion can be ignored and tissue O, consumption can be assumed
constant. However, we include a PO,-dependent description of the dual role of capillaries as
sources and sinks under the given experimental conditions. We use a reference value for
average capillary PO, and assume that for lower local tissue PO values the capillary acts as
an O, source, while for higher values it acts as an O, sink. The coefficient of this term models
the combined effects of average capillary density and intravascular O, transport resistance,
with the exact value determined to give physiological values for tissue PO, at steady state.

Given the above considerations, we use the following time-dependent 1D model for tissue
POQI
oP 9P
D

1
o Paa” Mo+ K(—FfF,)

(1)

where D and « are the tissue O diffusion coefficient and solubility, respectively, Mg is the
local O, consumption rate (with units of ml O,/ml tissue/sec), K is a constant that depends on
the capillary mass-transfer coefficient and density (and has units of mmHg/sec), and P« is the
average capillary PO,. The local concentration of O, is given by aP, implying that the units
of o are ml Oy/ml tissue/mmHg.

In equation (1), three effects are included that can change the local tissue PO, at a given time
t. The first of these is diffusion of O, given by the term D&2P/6x2, which occurs in living tissue
due to O, gradients and can serve to increase or decrease P. O, diffusion would normally occur
in all three spatial directions; however, variations in y and z are not included in the model. The
second effectincluded in (1), given by —Mg/a,, is consumption of O, by tissue, which is assumed
to occur at a constant rate (since P is assumed to remain far above the critical value of about
1mmHg) and acts to decrease P. The third effect included in (1), given by K(1-P/Px), is blood-
tissue O, transfer. This effect is the principal one that is approximated or ‘modeled’ in equation
(1), since in reality blood-tissue O, transfer depends on the local capillary and tissue PO,
distributions. Because we do not wish to consider small-scale details of capillary geometry,
spacing, and O, supply, we use the parameter K to represent the average flux of O, for a given
difference between tissue (P) and capillary (P=) PO, values.

In order to simplify the analysis of equation (1), we now rearrange it slightly to obtain:
oP *P
— =D— +A-BP
ot x? ()

where A=K—Mg/a and B=K/P=. This form of the governing equation shows that, in addition
to D, there are two constants (assumed to be positive) that determine the dynamics of P: A,
which represents the balance between capillary O, supply and tissue O, consumption when
P=0 (maximum O, flux into the tissue); and B, which determines how O, flux into the tissue
decreases for P>0.

Equation (2) is an inhomogeneous second-order linear partial differential equation of parabolic
type. More specifically, it is a linear 1D reaction-diffusion equation with inhomogeneous term
A. For appropriate initial and boundary values, it will have a solution that is well-behaved (i.e.,
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bounded at any finite time and continuous for t>0) and unique [13, 14]. In addition, the full
solution P(x,t) to any initial-boundary value problem for (2) can be explicitly obtained using
standard methods (algebraic transformation of the equation, separation of variables, Laplace
or Fourier transforms; see [15, 16]). As shown below, the typical approach to solving an
equation such as (2) is to first solve the steady-state problem. The full equation is then
transformed to eliminate the inhomogeneous term and the time-dependent solution is found.
Since we will be considering boundary conditions that are periodic in time, the time-dependent
solution will have both transient and periodic parts. Here we focus on the time-periodic solution
and therefore do not consider the transient solution.

For steady-state conditions, we use boundary conditions for x <0 and t < 0 that represent
PO, being fixed at P,q at the surface of the muscle (x=0):

P(xzo):Parg

P(x = 00) < 00 )

where the second boundary condition is required to eliminate the exponentially growing
solution (eP), which would lead to an unphysical result (infinite PO,) as x — oo.

Integration of the steady-state form of the partial differential equation (2) then yields the
solution:

Piieady = A/ B+ (Payg — A/B)e™™ @

where © = VB/D Thus, far from the surface at which its value is set, tissue PO, is determined
by the balance between O, delivery and consumption inherent in the governing equation. The
constant b represents the rate at which the tissue PO, changes from the value set at the surface
(P(x=0)=Pgayg) to its natural far-field value (P(x — o0)=A/B). As the diffusion coefficient D
increases, b becomes smaller because the influence of the surface PO, extends further into the
tissue. On the other hand, as the constant B increases, b becomes larger because the effect of
capillary O delivery to the tissue becomes stronger.

For periodic conditions, we use the following boundary conditions on PO, for x, t > 0:
P(x = 0) = Py + psinQu
P(x —» ) =A/B (5)

The exact periodic solution to (2), assuming all transients have disappeared, is then:
(6)

where ®=Q/B. When no oscillations are imposed at the muscle surface (p=0), we recover the
steady-state solution (4). For p > 0, the changes with depth (x > 0) in the amplitude and phase
of tissue PO, will depend on the parameters b and w. b is a wavenumber (inverse length) scale
that is determined by the magnitude of O, convection relative to O, diffusion, while w is the
ratio of the forcing frequency to the natural frequency of O, convection. o can also be viewed
as the ratio of the timescale of O, convection (1/B) to the forcing period (T=2n/Q).

For the parameters listed in Table 1, Figure 3 shows the behavior of the exact solution (6). Fig.
3a shows typical behavior of tissue PO, in time and space, while Figs. 3b and 3c show the
dependence of the amplitude and phase of the solutions (6) on normalized depth (&= x*b) and
. At low frequencies (Fig. 3b), the phase of oscillations changes very slowly with depth and
attenuation of the oscillation amplitude is essentially independent of frequency. At high
frequencies (Fig. 3c), the phase of oscillations changes more rapidly with depth and attenuation
increases rapidly with frequency (high-frequency solution below implies amplitude factor of

Math Biosci. Author manuscript; available in PMC 2009 May 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goldman Page 5

exp(=bx \w/2) for this case). Note that the behavior of tissue O, oscillations in the 1D in
vivo model (6) does not depend on the O, consumption parameter A.

3 Approximate Solutions for Low and High Frequencies

Although the exact solution (6) can be evaluated directly, the frequency dependence is more
easily understood by examining the limiting cases of low (o < 1) and high (w >> 1) frequencies.
For @ <1, we can use a first-order Taylor series to obtain:

Vicio~1-2
2 @

With this approximation, we can then show that (6) becomes:

_ _ b b
P~ A/B+ (Payg — A/B)e ™ + pe b sithcoszx - cothsianx
®)

A comparison between the approximation (8) and the exact solution is shown in Fig. 4a. The
amplitude and phase of the approximation (8) are both fairly accurate even for ®=1, and become
indistinguishable from the exact values for ®<0.1. Since ® <1, we have cos(wbx/2) = 1 and
sin(wbx/2) = 0. Therefore, the cosQt term is very small and the phase of the imposed PO,
oscillations changes very little with depth into the tissue. This same behavior has been observed
experimentally, as shown in Fig. 1. Note that in the limit ®—0 the approximation (8) becomes:

P =A/B+ (Pay — A/B)e " + pe " sinQt )

in which there is no phase change with depth.

For the case o 1, we use a first-order Taylor expansion in 1/ to obtain:
VI iw = ,/—iw(l + i) ~ \/—iw(l + L)
w 2w (10)

Using V=i=(1-i/V2, we approximate (6) as:
P~ A/B+ (Pyy —A/B)e™

+pexp [—bx\/g(l + i)] {sithcos [bx\/%(l = i)] — cosQtsin [bx\/g(l - i)]} (11)

The solution (11) has the same steady state as the exact solution (first two terms on right-hand
side) and shows the effect of frequency on oscillation amplitude for large w. In particular, while
attenuation was almost independent of frequency for small o, it now increases with o in
proportion to €XP(=bx Yw/2) The change in oscillation phase with depth also is seen to depend
on the quantity 2X Y@/2_ A comparison between the above approximation and the exact
solution is shown in Fig. 4b. The amplitude and phase of (11) shown good agreement with the
exact values for ®=1 and become highly accurate for @ >10. Since o is large, the decrease in
oscillation amplitude with depth will be greater for high frequencies and the phase change with
depth will be significant.

The above high-frequency behavior has not been tested for tissues with a functional
microcirculation (i.e., local O, sources/sinks) but, interestingly, it is similar to what would be
expected in the absence of microcirculatory transport. In particular, noting that

bNw = QD gng dropping the first-order 1/(2w) terms, the solution (11) can be rewritten as:
P= Pm,ge""" + (A/B)(1 — €7%) + pe~®(sinQicosax — cosQisinax) (12)
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where @ = VE/(2D)  This should be compared to the classical solution for pure diffusion
(A=B=0 in (2)) with an oscillating boundary PO,:
P = Py + pe”“(sinQrcosax — cosQtsinax) (13)

The change with depth in the amplitude and phase of the imposed oscillations is identical in
(12) and (13), indicating that at high frequencies perfused tissue responds as if it did not have
amicrovasculature. The above two solutions become even more similar if b is small, i.e., when
O, convection is small compared to O, diffusion, and become identical for b — 0 (or if
Pavg=A/B).

4 Predicted Tissue PO, Oscillations and Comparison to Pure Diffusion

Solution

In the results above, the parameters Pqyg, p, and A were not needed to examine the oscillatory
part of the solution (6). All other parameters in the model (2)—(6) were fixed with the exception
of Q, which was varied via ®. Some of these fixed parameters are basic physiological quantities
that have known values, in particular: the tissue O, consumption rate (Mg), the tissue O,
diffusivity (D), and the tissue O solubility (o). We now specify additional parameters needed
to predict the actual changes that would be observed experimentally. Based on imposed
boundary PO, oscillations that have been used thus far, we set P4,q=45mmHg and p=15mmHg.
P« is chosen to match the average capillary SO, value halfway between the arteriolar and
venular ends, which is necessary because the model does not include variations in the axial or
flow direction (“y’ in Fig. 2). For a different choice of A-V location, the value of P will need
to be adjusted (see below). Given My, a, and P, K=30mmH/s is chosen to give A/B~42mmHg,
based on the average tissue PO, found in experiment-based 3D simulations of capillary-tissue
O, transport in the rat extensor digitorum longus (EDL) muscle [2]. The value of B then

becomes K/P«=0.625/s and » = ¥B/D = 161/cm,

Given the above parameters, we can predict variations in tissue PO, caused by the imposed
oscillations at the muscle surface. The left column in Fig. 5 shows the predictions of our 1D
in vivo model for four different depths and three different frequencies. It can be seen that, at
the low frequencies being considered experimentally in the Ellis laboratory (periods of ~120s,
Fig. 5a), attenuation of the oscillations with depth is large while the phase change with depth
is small. Even at slightly higher frequencies (period of 7.5s), attenuation does not increase
substantially, implying the low-frequency solution (8) is still valid. Comparing the solutions
of the in vivo model to the pure diffusion solutions, we see major qualitative differences in how
the amplitude and phase of the imposed oscillations change with depth. For low frequencies,
the in vivo model predicts more attenuation of amplitude with depth, while at higher frequencies
the amplitudes given by the in vivo and pure diffusion models are comparable since in the in
vivo case attenuation is only weakly dependent on frequency. For all frequencies and depths
considered, the in vivo model predicts that the phase of tissue PO, oscillations will be much
closer to that of the forcing, i.e., less phase lag.

By assuming K is a fixed parameter in the 1D in vivo model (representing the maximal rate of
blood-tissue O transport), we can vary P« (and hence B=K/P+) to predict how oscillations will
vary with A-V location. Fig. 6a shows these results for Px=43mmHg. Comparing these results
to those in Fig. 5a for Px=48mmHg, it can be seen that the mean of the imposed oscillations
decreases more with depth for lower P« (closer to the capillary exit). This is because as P«
decreases, A/B decreases, increasing the difference between the mean PO, imposed at the
boundary (Payg) and the natural far-field mean of tissue PO, (A/B). Therefore, as the term
(Pavg—A/B) e-bx in Eq. 8 decreases with depth it has a greater effect on the overall solution.
As P« decreases, there is also an increased exponential decay with depth of both the mean and
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the oscillation amplitude, due to increasing B. However, this effect is relatively small compared
to the changes in P,,q—A/B (see Fig. 6b). These results imply that A-V location will be
important to consider when making experimental measurements, as well as when comparing
data to theoretical results.

5 Conclusions

We have presented a simple 1D model of tissue O, delivery and consumption that predicts
how tissue PO, will vary with time and depth as a result of imposed PO, oscillations at one
surface of an exteriorized skeletal muscle. For the parameters being used experimentally, the
predictions of this model are markedly different from what would be expected for pure
diffusion. In contrast to the pure diffusion model, the 1D in vivo model implies that with
increasing depth there is: i) an exponential change in the mean of tissue PO, ii) a very rapid
decrease in the amplitude of tissue PO, oscillations, and iii) a very small change in the phase
of tissue PO, oscillations relative to the imposed surface oscillations.

All three of these results have implications for experiments that are currently being conducted
inthe Ellis laboratory. First, the potential for varying mean tissue PO, suggests that the imposed
surface oscillations should have the same mean as the tissue would normally have (A/B), in
order to stimulate flow regulation purely in response to the oscillations themselves rather than
the mean. Second, the rapid decay of the imposed oscillations with depth implies that in the
EDL muscle only capillaries and parts of the smallest arterioles and venules (i.e., microvessels
close to the muscle surface) are being affected, so that the flow response will be due mainly to
signals propagated upstream from capillaries. Third, the relatively constant phase of the
imposed oscillations implies that all surface capillaries will experience the same time variation
in the surrounding PO,. Therefore, the evoked responses in the endothelium of all affected
capillaries should be nearly synchronous (though of different magnitudes) and the propagated
signals from different capillaries should arrive at upstream locations (arterioles) at nearly the
same time. Based on these predicted features, we expect the stimulation protocol to be well
suited to determining how changes in capillary SO, result in compensatory changes in capillary
O, supply (determined by capillary RBC velocity, hematocrit, and inlet SO,).

The 1D in vivo model also predicts that all stimulation periods >30s will lead to essentially the
same variation in the mean, amplitude, and phase of tissue PO, oscillations with respect to
depth and phase of the forcing (Fig. 5a). Therefore, observed differences in the flow response
to periods in this range will not be due to changes in the spatial distribution of the O,
stimulation, but rather to the inherent frequency dependence of the flow control system. This
fact, in combination with such data as the speed of the conducted response, should allow
interpretation of observed flow responses in terms of the level of arteriolar control that is
involved.
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Experimental results for capillary O, saturation (SO,) changes (dots, left axis) during applied
oscillations in muscle surface O, (lines, right axis) in the absence of local flow regulation.
Depths shown: (a) 6 um, (b) 23 um, (c) 48 um. Amplitude and mean of SO, oscillations
decrease with depth into tissue, but phase remains approximately constant.
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<>
Pave T p sin G2t

Figure 2.

Schematic of three-dimensional experimental situation modeled as one-dimensional problem
along dashed vertical line (‘x” direction). Capillaries and muscle fibers runin ‘y’ direction and
oscillating PO> is applied at lower muscle surface given by x=0.
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Tissue PO2 vs. Time and Depth (T=120 sec)
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Figure 3.

Behavior of exact 1D in vivo solution. (a) Contour plot of tissue PO, showing dependence on
time and depth for period T=120 sec. (b) Contour plots of the amplitude and phase (vs. ®=
QB and &=x*b) showing the low-frequency behavior, which is similar to in vivo experimental
observations. (c) Contour plots of the amplitude and phase showing the high-frequency
behavior, which is similar to the pure diffusion solution.
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Figure 4.

Comparison of approximate solutions to exact solution. (a) Approximate solution for o 1.
Good agreement with exact solution is seen up to ®=1. (b) Approximate solution for o >>1.
Agreement with exact solution requires o >10.
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Figure 5.

Solutions of 1D in vivo model and 1D pure diffusion model for experimental parameters. (a)
Results for T=120s and depths of 10, 60, and 150 microns. (b) Results for T=7.5s and depths
of 10, 60, and 150 microns. The in vivo model has much higher attenuation and lower phase
shift with depth for low frequencies. The phase of the in vivo model becomes more depth-
dependent at higher frequencies, but attenuation remains less frequency-dependent than in the
pure diffusion model.
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Figure 6.

Dependence of oscillations on P= predicted by 1D in vivo model. (a) tissue PO, vs. time and
depth for T=120s and P«=43mmHg. (b) results for Px=53mmHg and P«=43mmHg, where at
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each depth the results for the latter case have been shifted up to have the same maximum value

as the former. This comparison shows that the mean values of the PO, oscillations are more
sensitive to P» than are the amplitudes.
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Table 1

Parameters used in 1D O, transport model.
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Parameter Value Reference

D 241105 cm?fs Goldman et al., 2004
o 3.89-10° ml O,/ml/mmHg Goldman et al., 2004
Mg 1.50-10"* ml O,/ml/s Goldman et al., 2004
P. 48 mmHg See text

K 30 mmHg/s See text
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