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Abstract—Clinically significant myocardial abnormalities
(e.g., arrhythmias, S-T elevation) occur in patients with
mild-to-severe carbon monoxide (CO) poisoning. We
enhanced our previous whole body model [Bruce, E. N.,
M. C. Bruce, and K. Erupaka. Prediction of the rate of
uptake of carbon monoxide from blood by extravascular
tissues. Respir. Physiol. Neurobiol. 161(2):142-159, 2008] by
adding a cardiac compartment (containing three vascular
and two tissue subcompartments differing in capillary
density) to predict myocardial carboxymyoglobin (MbCO)
and oxygen tensions (P.O,) for several CO exposure regimens
at rest and during exercise. Model predictions were validated
with experimental data in normoxia, hypoxia, and hyperoxia.
We simulated exposure at rest to 6462 ppm CO (10 min) and
to 265 ppm CO (480 min), and during three levels of exercise
at 20% HbCO. We compared responses of carboxyhemo-
globin (HbCO), MbCO and P.O, to estimate the potential
for myocardial injury due to CO hypoxia. Simulation results
predict that during CO exposures and subsequent therapies,
cardiac tissue has higher MbCO levels and lower P.O,’s than
skeletal muscle. CO exposure during exercise further
decreases P.O» from resting levels. We conclude that in rest
and moderate exercise, the myocardium is at greater risk for
hypoxic injury than skeletal muscle during the course of CO
exposure and washout. Because the model can predict CO
uptake and distribution in human myocardium, it could be a
tool to estimate the potential for hypoxic myocardial injury
and facilitate therapeutic intervention.

Keywords—Myocardial oxygen tension, CO hypoxia, Exer-
cise, Tissue oxygenation, Cardiac muscle, Skeletal muscle,
Modeling.

INTRODUCTION

The major deleterious effect of carbon monoxide
(CO) exposure is a decrease in oxygen (O,) delivery to
the tissues. CO-induced hypoxia can have profound
effects on cerebral and myocardial oxygenation,
resulting in neurological and cardiovascular injury.
The neurological sequelaec (headache, dizziness,
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confusion, nausea, loss of consciousness, and memory
deficits) are well known.'>®> Also, in recent years,
myocardial injury, myocardial infarction, myocardial
dysfunction and cardiac arrest have been reported
in patients with mild to severe CO poison-
ing.>!7:26.3647.62.74.7887 Ny ocardial injury in CO-poi-
soned victims,?**”7*87 was indicated by the presence
of elevated cardiac injury biomarkers, e.g., troponin I,
p-natriuretic peptide, creatinine kinase, and creatinine
kinase-MB (myocardial band) and by ECG abnor-
malities, e.g., ST segment and T wave changes, sinus
tachycardia, and premature atrial and ventricular
contractions.' 26362 QObservations of decreased left
ventricular ejection fraction and right ventricular dys-
function after CO exposure imply myocardial dys-
function in these CO-poisoned patients.’**"’* The
severity and duration of myocardial injury depend on
the duration and amount of CO exposure.®® Despite
treatment after CO poisoning, cardiac sequelae often
occur and these patients are thought to be at an
increased risk of mortality due to myocardial
injury.*®>%7 There is also evidence that workers who
are chronically exposed to CO have an increased risk
for cardiovascular morbidity and mortality.’*>%"7

In our previous modeling studies, Bruce and
Bruce®!'” compared the time courses of carboxymyo-
globin (MbCO) and carboxyhemoglobin (HbCO) lev-
els during and after CO exposures in a resting skeletal
muscle compartment and in an ‘“other tissue” com-
partment. These previous results”'® demonstrated that
the equilibration of CO between vascular and extra-
vascular tissues during CO exposure, as well as the
removal of extravascular CO during therapy, occurred
over a much longer time scale than did the major
changes in the vascular CO content as represented by
%HDbCO. In our recent modeling study® we concluded
that the slower rate of exchange of CO between blood
and muscle tissues is due to the smaller blood-tissue
conductance for CO and to the very small blood-to-
tissue partial pressure gradients for CO. Thus, during
exposures, MbCO increases more slowly than HbCO,
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and during CO washout on room air, MbCO decreases
more slowly than HbCO. These modeling studies also
predicted that breathing 100% O, during washout
causes a counterintuitive sudden rise in MbCO levels.
Thus, the decrease in the CO content of myoglobin
(Mb)-containing tissue may lag considerably behind
the decrease in HbCO during therapy.

Cardiac muscle also contains Mb.** Because the
heart is a rapidly contracting muscle with a high O,
extraction fraction, it is very sensitive to O, depriva-
tion.*! High MbCO levels during CO washout on
room air or 100% O, could contribute to significant
hypoxia in the myocardium. Thus, analyzing the tem-
poral changes in HbCO, MbCO, and P.O; levels in the
vascular and extravascular compartments of the heart
will aid in estimating the potential for hypoxic myo-
cardial injury and facilitate therapeutic intervention.
The main objective of this study was to develop a
validated model for predicting time varying O, ten-
sions and CO levels in human myocardium and skel-
etal muscle tissue during exposure to low (265 ppm)
and high (6462 ppm) CO concentrations for exposures
lasting from a few minutes to a few hours, during
which subjects were either at rest or exercising.

The model developed in this study is an enhance-
ment of our previous models. Our earliest model’
consisted of five lumped compartments: arterial blood
(ar), lungs (L), skeletal muscle (m), nonmuscle tissue
(ot), and mixed venous blood (mx). Recently this early
model was upgraded® by subdividing the single lumped
muscle compartment into two communicating sub-
compartments (mj, m,) so that intra-tissue diffusion of
gases (O, and CO) and arterio-venous shunting could
be taken into account. The new model described herein
(see Methods, Fig. la) adds a cardiac muscle com-
partment to the upgraded model.

Because the severity of myocardial injury during
CO-induced hypoxia is dependent on the duration and
concentration of the CO exposure, the new model was
used to predict O, tensions and MbCO levels in the
myocardium for various simulated CO exposure con-
ditions. Also, exercise increases ventilation which, in
turn, increases the amount of CO inhaled. Therefore,
exercise during CO exposure could further increase the
risk for hypoxic injury. Thus, CO exposure (20%
HbCO) during moderate exercise was simulated to
explore the mechanistic basis for the increased risk of
cardiac injury in this situation. When considering the
possible treatment strategies for CO-poisoning victims,
it is not always clear whether hyperbaric oxygen ther-
apy is necessary because the treatment strategy is
determined primarily by the HbCO levels on admis-
sion to the hospital. The %HbCO, a key factor in
determining the treatment protocol, is a limited mea-
sure of poisoning severity although it can be readily

determined. Myocardial O, tension and myocardial
CO load (%MDbCO), which are more direct indicators
of myocardial O, availability, are difficult to measure
noninvasively.® Therefore, to explore the effects of
specific treatment strategies on the myocardium our
simulation studies also assessed the degree of myo-
cardial hypoxia resulting during normoxic and hyper-
oxic therapies.

METHODS

Description of the Whole Body Model of O,
and CO Exchange

The model used in the current study is an expansion
of our previous model.® A significant enhancement to
that model is the addition of the cardiac compartment
(Fig. 1a). All symbols, variables, and parameters are
summarized in Appendix A. CO and O, mass bal-
ance equations were written for all compartments
(Egs. B.1-B.28, Appendix B). CO and O, entering
through the lungs are transported via the major
arteries of the arterial blood compartment to the vas-
cular compartments of skeletal muscle (bm;, bm,,
bmj;), cardiac muscle (bc, bcy, bes), and non-muscle
tissue (bot). CO and O, then diffuse into the tissue
compartments (m;, m,, ¢;, C», ot), driven by pressure
gradients. Determining the partial pressures of O, and
CO, and O, flux in each blood compartment of the
model is done by solving the oxyhemoglobin dissoci-
ation curve, Haldane’s equation, and blood-to-tissue
O, flux equations, at each time step using an iterative
approach (see section ““Special Functions”, Appendix
B).* The Haldane equation describes the competition
of CO and O, for hemoglobin (Hb) and Mb binding
sites.” Determination of the circulatory transport time
delays for the arterial and mixed venous compartment,
and mixing of blood in the vascular compartments, has
been explained in detail in our initial model’ (see
auxiliary equations in Appendix B).

Cardiac Compartment Structure and Parameter
Estimation

Like skeletal muscle,® the cardiac compartment of
the model comprises three vascular subcompartments
(bey, be,, bes) and two cardiac tissue subcompartments
(c1, ¢») (Fig. 1b). The concept of the two compartment
model was introduced to allow diffusion of O, within
the tissue and to implement indirect arterio-venous
shunting. The tissue subcompartment, c¢; (20% of
cardiac tissue volume, V), is envisioned as tissue per-
fused extensively by small arterioles and venules in
vascular subcompartments bc; and bes as well as by
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FIGURE 1. (a) Model architecture. Overall structure of the model, which expands our previous model® by adding a cardiac
compartment. The new model consists of six major compartments: lungs, arterial blood, mixed venous blood, hon-muscle tissue,
skeletal muscle tissue with two subcompartments, and cardiac tissue with two subcompartments. For details of the cardiac
compartment see Fig. 1b, and for the symbols see Table A1, Appendix A. (b) Structure of Cardiac compartment. The cardiac
compartment is divided into two extravascular subcompartments (c4, ¢,) and three vascular subcompartments (bc,, bc,, beg).
Arterial blood enters the vascular subcompartment bc, as Q.. Dotted double arrows indicate blood-tissue gaseous fluxes driven
by partial pressure gradients. Solid double arrows indicate diffusive gaseous fluxes driven by concentration gradients of dissolved
gases. For details about the calculation of fluxes see text and Appendix B. For symbols see Tables (A1)—(A2) of Appendix A.

capillaries. The tissue subcompartment, ¢, (80% of
cardiac tissue volume, V), is assumed to be perfused
mostly by capillaries in vascular subcompartment bc,.

The volumes of the tissue subcompartments, V,; and
Ve, and the volumes of the vascular subcompart-
ments, Vier, Viea, and Vi3, were chosen after various
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TABLE 1. Experimental data for myocardial oxygen tensions.

Source Species PO, (Torr) P.Os (Torr) P.O, (Torr) MBF (mL 100 g~' min™") MOC (mL 100 g~' min™")
20 Human 99 17.3 - 118 15

20 Human 42 15.7 - 167 17

23 Swine 359 - 112+ 85 94 6.7
27 Dog 326 - 49/26 0.8 0.1
27 Rat 99 - 40/20 45 0.54
27 Rat 89 - 15/35 45 0.54
29 Swine 99 - 49 £+ 2 94 6.7
31 Rat 87 20 25 233.1 39.6
33 Swine 103 27.33 50/31 94 6.7
33 Swine 57 22.77 35 129.7 5.69
33 Swine 44 19.75 26 147.6 5.96
38 Swine 90 23.25 46+ 7.5 94 6.7
30 Dog 143 46 42+7 0.8 0.1
40 Swine 150 - 30.3 + 4.7 94 6.7
58 Dog 935 18.8 43/17 90 6.6
58 Dog 63.7 18.3 40/15 - -

60 Swine 150 - 42 + 56 94 6.7
81 Rat 99 - 10 4.5 0.54
82 Rat 99 - 48/18 4 0.4
84 Swine 189 31.8 - 125 11.3
84 Swine 39 21 - 175 12.5
84 Swine 40 17 - 173 9.8
92 Dog 32 22 - 160 9.79
92 Dog 27 18 - 210 6.7

P.O, = Myocardial tissue PO,.

volume distributions were tested to optimize the model
predictions for myocardial blood and tissue O, ten-
sions (Table 1). Model predictions for myocardial
tissue and blood O, tensions were estimated for sim-
ulation conditions presented in Table 1 for multiple
values of relative volume, F,.. The tested range of
relative volume (Fy. = Vei/[Vea + Vel) was 0.1-0.9.
The value of F,. = 0.2 was chosen based on visual fit
to the data of Table 1. The volume of the second
myocardial blood compartment, Vi), is 80% of the
total myocardial volume, V.. The remaining 20% of
the myocardial blood volume is distributed between
the first, bcy, and third, bcs, vascular subcompart-
ments. To account for arterial-venous diffusive
shunting through tissue compartment ¢;, we assumed
that Vie3 18 9.5% (Dpye_on) Of Viei. The experimentally
measured coronary blood volume in the arterial com-
partment and the combined blood volumes in coronary
capillary and venous compartments reported by
Kassab er al.*® agree with the model blood volume in
Vier and Ve, respectively, when F is 0.2.

The total myocardial metabolic rate, MR.O,, is
distributed between the two subcompartments in pro-
portion to their tissue volumes. The arterial blood,
with a partial pressure of O,, PaO,, flows into the first
vascular subcompartment, bc;. O, in blood continu-
ously diffuses into the cardiac subcompartment c,
because O, is being utilized by the tissue to meet its

O, metabolic demand, MR.;O,. It is assumed that O,
diffuses from bc; to ¢, at a rate of O,flux.;, which is the
product of the O, diffusion coefficient, Db.;O», and O,
pressure difference (Eq. B.19, Appendix B). This phe-
nomenon establishes O, concentrations of C.;O, and
C.y105 in ¢y and be; subcompartments, respectively. In
all tissue compartments containing Mb, O, bound to
Mb is considered in addition to the dissolved O, con-
centrations.® O, diffuses from vascular compartment
bc, to tissue subcompartment ¢, at a rate of O»flux.,
with a diffusion coefficient of Db,,O,. The metabolic
demand for O, M R,0,, of this tissue compartment is
met by diffusion of O, from blood compartment bc,
and also by intra-tissue diffusion from the tissue
compartment, c;, where the intra-tissue diffusion
coefficient is D’.O,. Diffusion of O, establishes con-
centrations Cy,0, and C.»,O, in the second tissue
and blood subcompartments, respectively. Based on
the pressure gradients established between c¢; and bcs,
O, diffuses between these compartments at a rate
of O,flux.;, with a coefficient of Dbc305, (Dpye on
Db.0,) resulting in concentration C.30, in bcs.
Because O, diffusivity is similar in plasma and muscle
tissue,’! the model assumes that O, diffusion coeffi-
cients from blood to tissue, or vice versa, are equal.
(For details see Eqs. B.15-B.24 and auxiliary equa-
tions in section “Cardiac Muscle Compartment™ of
Appendix B; Tables A1-A4 in Appendix A.)
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The effective blood to tissue conductance for O,
depends on the permeability-surface area product (PS)
of the tissue subcompartments ¢; and ¢, (PS¢0,
PS.,0,), respectively. The PS for O, for cardiac
muscle was estimated as 200 mL min~' Torr™' g~' by
Li et al.>” For our model, best estimates for myocardial
tissue PO, predictions were obtained when PS.;0, and
PS,0, were 180 and 450 mL min~' Torr ! gfl,
respectively. Cladwell ez al.'* have reported an increase
in PS with increases in blood flow. Thus, in our model,
PS increases with increases in blood flow to the tissue
(see auxiliary equations in section “Cardiac Muscle
Compartment” of Appendix B). The mean diffusion
distance in skeletal muscle in our previous model is
0.1 cm.® The capillary density in cardiac muscle is
approximately 8 times that of skeletal muscle,* thus
the mean diffusion distance for the cardiac compart-
ment was estimated as 0.0353 cm (0.1/78).

Values for most of the parameters for our expanded
model were those used in and referenced in our pre-
vious publications.®” A regression equation for esti-
mation of blood volume was also included in the
model.”® In addition, predictive equations for estima-
tion of cardiac output®>*®'®213%3772 (9) and heart
rate' "% (HR) as a function of total body oxygen
consumption (MRO,) were also developed (Egs. C.4
and C.6, Appendix C) but were used only when values
were not provided by the investigators whose data we
simulated. The design of the cardiac compartment is
parallel to that of the skeletal muscle compartment®
but differs in the values of physiological parameters.
Regression equations were developed for the estima-
tion of myocardial oxygen consumption®-43:44:49.63.67
(MOC) and myocardial blood flow>* (MBF) from
heart rate (Figs.2 and 3). Parameter estimation,
development of predictive equations (MOC, MBF),
and validation of tissue O, tensions were done for the
left ventricular region (left ventricle and intraventric-
ular septum) of the heart. Data used for developing the
regression equations to estimate MOC, MBF, Q, and
HR were obtained from experiments conducted at zero
CO exposure levels.

In estimating the parameters for the cardiac com-
partment we assumed that in healthy adults under
normal, ambient conditions, the average myocardial
PO, does not fall below 22 Torr?>**8* at rest and does
not fall below 6 Torr during maximal exercise.
Richardson et al.,*®"° reported a PO, of 3-5 Torr in
maximally exercising skeletal muscle, so we anticipated
that PO, would be at least 6 Torr in the cardiac muscle
(as cardiac muscle has a higher capillary density, blood
flow and O, consumption than skeletal muscle).
Choosing Fy. as 0.2 and PS as 180 mL min~' Torr™'
g~ (PS.,0,) and 450 mL min~" Torr™' g! (PS,0,)
for the cardiac compartment guaranteed that the
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FIGURE 2. Myocardial blood flow (MBF) vs. heart rate (HR).
Experimental data (o) are from Laaksonen et al®* The
regression line is given by MBF = 2.18(HR) — 27.3.
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FIGURE 3. Myocardial oxygen consumption (MOC) vs. heart
rate (HR). Symbols: MOC’s (corrected using the procedure
described in text). The regression equation (dashed line) is
given by MOC=1+4676”5+9.76.
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model-estimated O, tension fulfilled the assumptions
stated above for a range of healthy, normal subjects.

Predictive Equations

Prediction formulas were developed to estimate
MOC? 04344496567 and MBF™ as functions of HR
based on rest and exercise data obtained from the lit-
erature. These experiments used the nitrous oxide
(N,O) method to measure MBF. However, the N>,O
method was reported to under-estimate true blood
flow.”® Implementation of the prediction equation for
MBF based on the N,O method resulted in a mismatch
of supply and demand for O, in the myocardium and
predicted tissue PO, values that were too low. Thus, to
predict the MBF, data from Laaksonen er al.>* were
used. In their study, dynamic PET (Positron Emission
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Tomography) accompanied by intravenous injection of
labeled water (['°0O] H,O) was used to measure MBF.
To develop the predictive formulas for MBF and
MOC, we constructed a regression relation for MBF as
a function of HR with data from reference 54, as
shown in Fig. 2. We then calculated corrected MOC
from studies using the N,O method by first recalcu-
lating the arterio-venous (a-v) difference of O, content
as the ratio of measured MOC and measured
MBF,0:43:4449.65.67.73  and then recalculating MBF
from the heart rates (Goodale and Hackel,*® Jorgensen
et al.,43 Jorgensen et al.,44 Kitamura et al.,49 Nelson
et al.,*> Regan er al.,*” Sapirstein and Ogden’®) using
the developed predictive formula for estimating MBF
described above (Fig. 2). Finally, MOC was calculated
as the product of a-v difference and recalculated blood
flow. A non-linear curve fit was done on the corrected
data using MATLAB 6.5 to establish MOC as a
function of heart rate as shown in Fig. 3.

Sensitivity Analysis

The current model has 28 nonlinear differential
equations and 123 parameters. Nominal values for
most of the parameters were obtained from the liter-
ature (Table A4, Appendix A) or directly from the
investigators”''° whose data we simulated, e.g.,
MRO,, HR, O (Table A3, Appendix A). In some cases,
parameters were estimated with average values from a
group of subjects or published predictive formulas,
e.g., volume of heart muscle, myocardial blood vol-
ume, myocardial Mb concentration (Table A4,
Appendix A). Some parameter values were also esti-
mated from predictive formulas described above, e.g.,
MOC, MBF (Egs. C.1-C.8, Appendix C). Some
parameters, such as PS, change their values during a
simulation run (see auxiliary equations in sec-
tions “‘Skeletal Muscle Compartment” and “Cardiac
Muscle Compartment™, Appendix B). Other parame-
ters, €.g., Fyc and Dyye on, represent quantities that are
very difficult or impossible to measure (Table A4,
Appendix A).

Sensitivity analysis helps to determine the level of
accuracy needed for a parameter to make the model
valid and estimates the effects of parameter variations
on model predictions. The process involves observing
the relative changes in the model response by varying
one model parameter over a reasonable range while
keeping all other parameters constant. Thus, sensitivity
analysis was performed to analyze the effects of MOC,
MBF, PS, Fyc, Doye ons dxe. and DyCO on the model
predictions of myocardial tissue PO, (P.;0,, P.,05)
and coronary venous PO, (P.,0,).

In order to observe changes in the model response
for variations of a single parameter, a baseline steady-

state was simulated for a healthy, sedentary human
subject (subject 19 of Kizakevich er al.>®, age: 22 years;
height: 1.8 m; weight: 69.5 kg; O: 6.68 L/min; MRO>:
170 mL/min; HR: 77 beats/min; 2% HbCO; all other
parameters are from Table A4, Appendix A. The
model predictions for myocardial and skeletal (P,,;0-,
P.,0,) tissue O, tensions at the baseline steady-state
are 31, 18, 40.5, and 27 Torr in ¢, ¢,, m;, and m,,
respectively. The baseline steady-state P., O, and skel-
etal muscle venous (P,,,O,) PO,’s are 20 and 29 Torr,
respectively. When a sensitivity analysis was performed
it was found that the myocardial tissue and vascular O,
tensions are most sensitive to MOC, MBF, F,., and
PS. The tissue O, tensions varied in direct proportion
with changes in MBF and PS and in inverse propor-
tion with MOC and F,.. Model predictions for coro-
nary venous PO,’s were most sensitive to changes in
MOC and MBF. The effects of Dyye on and dx. on the
vascular and tissue O, tensions are negligible. The
sensitivity of model predictions to Dy;CO has been
discussed in our previous models.® '

An increase in PS by 50% of its baseline steady-
state value (Table A4, Appendix A) resulted in an
increase in steady-state O, tensions of the c¢; and c,
subcompartments by 15.6 and 11.7%, respectively. A
decrease in the PS by 50% of its baseline steady-state
value resulted in a decrease of the steady-state O,
tensions by 46.8% in ¢; and 39.7% in c,. Model pre-
dictions of myocardial O, tensions in the subcom-
partments are sensitive to PS.;0, in the range of 100—
500 mL min~' Torr™' g~' and to PS.,0, in the range
of 300-1300 mL min~' Torr ' g~' (Figs. 4a, 4b). A
change in F,. from 0.2 to 0.1 resulted in an increase in
cardiac tissue PO;’s by 27% (c;) and 8.3% (c,) from
their baseline steady-state values.

An increase in F,. from 0.2 to 0.3 decreased the
steady-state myocardial tissue O, tensions by 16.8 and
7% in c; and ¢, subcompartments, respectively. Thus,
an increase in F,. causes the O, tensions in the myo-
cardial subcompartments to decrease. Also, changes in
F,. have a greater effect on the model predictions of O,
tensions of the first subcompartment than those of the
second subcompartment (Figs. 4a, 4b).

Estimation of MBF is sensitive to the slope (m2) of the
regression equation MBF = mHR — C (see Fig. 2).
Figure 4¢ shows that increasing the slope, m, of the
regression relation to estimate MBF as a function of
HR increases the tissue and vascular O, tensions. Also,
there may be variability in the estimated MBF at higher
levels of HR (Fig. 2), which may influence the predicted
O, tensions in the heart. At a HR of 116 beats/min, a
variation of +5% in the MBF estimated using the
regression equation will result in an increase (+5%
variation in MBF) in P;0,, P,,0,, and P.,0O, to
17.9, 10.9, and 13.5 Torr, respectively, and a decrease
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FIGURE 4. Sensitivity analysis. (a) P;10, vs. PS;10, for a range of F,. (0.1-0.9, top to bottom). (b) P.,0, vs. PS;,0, for a range
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(abscissa) of the regression relation used to estimate MBF from HR (refer to Fig. 2). (d) Curve fit to the experimental data (points) of

MOC vs. HR for different values of the parameter c.

TABLE 2. Effect of variation in MBF on myocardial tissue
and venous O, tensions.

AMBF% P10z (Torr) P20, (Torr) P02 (Torr)
-20 4.7 2.8 5.96
-10 10.3 5.99 10.3

0 15.6 9.33 13.5

10 20.1 12.4 15.9

20 241 15.1 17.9

35 29.0 18.5 20.6

AMBF = Variation in MBF.

(—5% variation in MBF) in P,0,, P.,O,, and P.,O> to
13, 7.7, and 12 Torr, respectively (see Table 2).

The prediction equation for estimating MOC as
function of HR is of the form MOC = ([a — d]/
[1 + {¢/HR}") + d. Estimation of MOC is sensitive
to changes in parameter ‘¢’ of the equation above for a
range of resting HR (60-85 beats/min). A best curve fit
to the experimental data of Fig. 3, with a least mean
square error criterion, was obtained at ¢ = 122.7
(a = 56.3, b = 4.85, d = 9.76). Fixing the value of ¢ at
110 and fitting a curve (¢ = 49.9, b = 5.2, d = 6.7) to
the experimental data of Fig. 3 resulted in a decrease of
MOC by 11% of its baseline steady-state value at a HR

of 77 beats/min (Fig. 4d). An 11% decrease in MOC
increased myocardial coronary venous and tissue PO,’s
by 12% (cv), 16.7% (c;), and 12.2% (c,), respectively.

Simulation Software

ACSL™ version 11.8 was used for implementing
the model. A Runge—Kutta—Fehlberg variable step size
algorithm with error flagging was used for numerical
integration. Convergence of the algorithm was tested
for various step sizes and the maximum allowable step
size was determined to be 0.001 min. Simulations were
performed in double precision and a 12 min stabiliza-
tion period was initiated with every simulation run for
the baseline simulation to reach a steady state.

RESULTS

Validation of the Cardiac Compartment

We compiled experimental studies which provided
values for myocardial tissue and coronary venous
PO,’s. Most of the data were obtained from studies on
anesthetized animals, but myocardial PO, values
were also available from studies involving human
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subjects.’**>** The myocardial O, tensions in the lit-
erature were usually reported as histograms or as mean
values with standard deviations. We considered the
mean PO, of the upper half of a histogram (above the
mean value) or the reported mean PO, plus one stan-
dard deviation as the O, tension of myocardial sub-
compartment ¢;. The mean PO, corresponding to the
lower half of the histogram (below the mean value) or
the reported mean PO, minus one standard deviation
was considered to be the O, tension of myocardial
subcompartment ¢,. When average O, tensions were the
only values reported, PO,’s <22 Torr in normoxia
were considered to be measured in ¢,. Also, the site of
measurement of PO, was taken into consideration, i.e.,
when the measuring electrode was close to an arteriole
or capillary, the PO, was assumed to represent ¢; or c»,
respectively. The PO, of the third vascular subcom-
partment of the cardiac compartment, be; (i.e., the
blood leaving the heart compartment), was compared to
coronary venous PO, reported in the experimental data.

Predicted PO,’s from the model were tested for
conditions of normoxia, hyperoxia and mild to severe
hypoxia. In order to compare the model predictions
with the experimental data, studies from Table 1 were
simulated with the enhanced model. Inspired levels of
O, in the simulations were set equal to the reported
experimental values and ventilation was adjusted to
achieve the reported experimental arterial PO, (P,0,)
in the steady state. Arterial PO;’s for hypoxia ranged
from 27 to 89 Torr. Normoxic arterial PO,’s were
considered in the range of 90—103 Torr. Arterial PO,’s
for hyperoxia ranged from 121 to 468 Torr. For all
simulations the volume distribution fraction, F,., was
0.2 and PS values for the first and second cardiac tissue
compartments were 180 and 450 mL min~' Torr '
g~ !, respectively. Measured values for MBF and MOC
were reported in the studies cited (Table 1).

Figure 5 shows the comparison of model predic-
tions (myocardial tissue and coronary venous PO,’s)
with experimentally measured values. In Fig. Sa, the
model-predicted PO,’s for myocardial tissue subcom-
partment 1 (P.,0,) are slight overestimates of the
experimental data. The model predictions for sub-
compartment 2 (P,,0,) myocardial tissue O, tensions
on average are slight underestimates of experimental
data as seen in Fig. 5b. Overall, considering the limited
availability and variability of experimental data
(Table 1) for myocardial O, tensions, the model closely
represents the trends in the data. As seen in Fig. Sc, the
model predictions of coronary venous O, tensions
(P.,O») fit variations in the experimental coronary
venous PO, for a wide range of arterial PO, (27—
468 Torr). Thus, the model predicts physiologically
reasonable myocardial tissue and vascular O, tensions
over a wide range of arterial PO, values.
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Re-evaluation of Our Previous Simulation Results

Our previous simulations of CO exposure studies
were repeated to ensure that the new model fits these
experimental data similarly to our earlier, simpler
models. After validating the cardiac compartment, the
ability of the enhanced model to reproduce experi-
mental data from (i) transient CO exposure followed
by washout and (ii) hyperoxic rebreathing was tested
as these two situations represent the extremes of time
resolution which the model needs to achieve. Re-eval-
uation of our previous simulations using the new
model also made possible the estimation of O, and CO
levels in the myocardial tissue and vascular subcom-
partments during transient CO exposure, washout, and
hyperoxic rebreathing situations.

Simulation of Transient CO Exposure

Benignus ez al.” exposed human subjects to a high
concentration of CO (6683 ppm) in room air for
4-6 min, followed by washout on air for 4-5 h. Many
subject-specific parameters were provided by the
investigators (Table A3, Appendix A). Total body O,

consumption (233 mL/min) and the diffusion coeffi-
cient for CO were from our previous model.® MBF
and MOC were estimated from the prediction equa-
tions developed (see Methods or Egs. C.7-C.8 of
Appendix C).

The enhanced model fits the experimental HbCO
data similarly to our earlier models, as shown in
Fig. 6a, and predictions of skeletal muscle tissue O,
tensions and MbCO levels of the enhanced model were
in agreement with the predictions of the earlier model.
Model predicted MbCO levels in the subcompartments
of skeletal (%MbCOm;, %MbCOm,) and myocardial
tissue (Y%oMbCOc;, %MbCOc,) are shown in Figs. 6b
and 6¢. As shown in Fig. 6, the MbCO Ilevels in both
subcompartments peak earlier in cardiac muscle than
in skeletal muscle. High levels of MbCO are observed
for greater lengths of time in the skeletal muscle in
comparison to the cardiac muscle compartment. In
skeletal muscle, the MbCO levels of subcompartment 2
are initially lower than subcompartment 1, but grad-
ually increase and approximate the MbCO levels of
subcompartment 1. The content of CO is higher in
cardiac subcompartment 2 than in subcompartment 1
during CO uptake and washout on room air. For air
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FIGURE 6. Simulation of 5-min CO exposure (6683 ppm) and washout for 480 min on room air. (a) Arterial (O) and muscle venous
(¢) %HbCO vs. time (subject 120 from Benignus et al.”), and model predictions (lines). (b) Skeletal muscle MbCO levels of tissue
subcompartment 1, m, (solid line) and subcompartment 2, m, (dashed line). (c) Cardiac muscle MbCO levels of tissue subcom-
partment 1, ¢, (solid line) and subcompartment 2, ¢, (dashed line). Results are shown on 2 time scales to compare both rapid
(% HbCO in a) and slow behaviors (%MbCO in b—c). Parameter values for this simulation are given in Table A3 of Appendix A.
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(and hyperoxic) washout, the peak MbCO levels in the
skeletal and cardiac compartments occur during the
washout phase.

When compared to the pre-CO exposure state, in
skeletal muscle the O, tension drops by 16.5% in the
first subcompartment (m;) and by 23.9% in the second
subcompartment (my) at the end of CO exposure. In
contrast, the myocardial O, tensions in the first and
second subcompartments decrease more, by 21.3 and
37.5%, respectively, at the end of CO exposure when
compared to the pre-CO exposure state. After CO
exposure followed by 4 h of room air washout, all the
PO;’s are still 2-3 Torr below their pre-exposure levels.
The tissue O, tensions are slightly lower at the time of
peak MbCO levels, which occur during the CO wash-
out phase when HbCO is below its peak rather than at
the end of the CO exposure. The O, tensions of skeletal
and myocardial tissue are better correlated with peak
MbCO levels than with the decreasing HbCO Ilevels.

Simulation of CO Rebreathing in Hyperoxia

Burge and Skinner'' conducted CO rebreathing
experiments in hyperoxia to estimate total blood vol-
ume. Subjects in this study rebreathed 60—70 mL of

ERUPAKA et al.

CO in 299% O, for 40 min. Subject-specific parameter
values for their subject 2°'° were provided by the
investigators (Table A3, Appendix A).'" Estimates for
other unknown parameters were obtained from pre-
dictive equations in this study (Appendix C) and also
from our previous models.* '° Figure 7a shows that
the model fits data similarly to the simulation results of
our previous models. As shown in Fig. 7, the MbCO
levels in the cardiac subcompartments peak earlier
than in the skeletal muscle after which they begin to
decrease gradually. CO content is higher in the first
than in the second subcompartments of the skeletal
and myocardial tissues due to the higher MbCO levels.
The skeletal and myocardial tissue O» tensions are high
due to breathing of 299% O,.

Effects of Concentration of CO and Duration
of Exposure

Long-term sequelae of myocardial injury have been
reported to be dependent on the duration and amount
of CO exposure.®® Despite treatment after CO poi-
soning, neurological and cardiac sequelae often occur.
The enhanced model was used to simulate two differ-
ent kinds of CO exposures that resulted in similar peak
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FIGURE 7. Simulation of CO rebreathing in hyperoxia. (a) Muscle venous %HbCO vs. time during CO rebreathing. Model pre-
diction (solid line) and measured values from antecubital vein (O), subject #2 from Burge and Skinner."" Also the model prediction
for arterial %HbCO (dashed line) is shown. (b) Predicted skeletal muscle MbCO levels of tissue subcompartment 1, m; (solid line)
and subcompartment 2, m, (dashed line). (c) Predicted cardiac muscle MbCO levels of tissue subcompartment 1, ¢, (solid line) and
subcompartment 2, ¢, (dashed line). Parameter values for this simulation are given in Table A3 of Appendix A.
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HDbCO levels of 29.5%. The two CO exposure condi-
tions simulated were: (1) short duration (10 min)—
high concentration (6462 ppm) and (2) long duration
(8 hy—low concentration (265 ppm). The short dura-
tion—high concentration simulation would be relevant
when victims are trapped for 10 min in a house or
closed garage with high CO levels or in a car with its
exhaust blocked. The long duration—low concentra-
tion simulation would be relevant when there is a
faulty furnace at home. Parameters reported for sub-
ject 120 of Benignus ez al.” were used for simulating the
above two CO exposure conditions. After the end of
CO exposure in room air, washout sessions in room air
or 100% O for 480 min were simulated. Since MbCO
levels and PO, in tissues are more reliable indicators of
CO toxicity in the tissue, they were estimated for
skeletal and myocardial tissue.

Short Duration (10 min)—High Concentration
(6462 ppm) CO Exposure

The HbCO levels during short-high CO exposure in
room air and washout on air or 100% O, are shown in
Fig. 8a. Figure 9 shows that even after the end of a
short CO exposure, %MbCO continues to increase in
the skeletal muscle (~20 and ~35 min in m; and m,,
respectively, after end of the CO exposure) as well as
cardiac muscle (~1 and ~3 min in ¢; and c,, respec-
tively, after end of CO exposure) during washout
(room air as well as hyperoxia) and then begins to
decrease. As shown in Fig. 9, the %MbCO in skeletal
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(MbCOm;) and myocardial (MbCOc;) muscle tissues
peak at higher levels during hyperoxia than during
room air washout in the first subcompartments,
whereas in the second subcompartments the MbCO
(MbCOm,, MbCOc,) levels peak at higher levels dur-
ing room air washout than during hyperoxia. In
hyperoxia, %MDbCO is near peak level for a longer
time in skeletal muscle. On room air, the MbCO levels
are greater in myocardium than in skeletal muscle.
With washout in hyperoxia, there is a sudden increase
in the MbCO levels in cardiac as well as skeletal
muscle. The latter response was also observed in our
previously published simulation results.® " In addi-
tion, we found that peak MbCO levels occur at dif-
ferent HbCO levels in room air and hyperoxia washout
sessions. Peak MbCO levels occur during the CO
washout phase with decreasing HbCO levels.

Figures 10a and 10c show the tissue oxygenation in
m; (P,10,) and m, (P,,,»0,) during CO exposure and
washout in room air. After the end of the short
(10 min) CO exposure in room air, P,;O, decreases by
32.3% from its pre-CO exposure state. In the second
subcompartment the tissue PO, decreases by 43.8%
from its pre-CO exposure state. Figures 10b and 10d
show the cardiac muscle tissue PO>’s in ¢; (P.;05) and
¢ (P:05) during CO exposure and washout in room
air. After exposure to 6462 ppm CO for 10 min in
room air, P.;O, decreases by 42.2% from its pre-CO
exposure state. There is also a large decrease (67.2%)
in P,,O, by the end of the short CO exposure. At the
end of the 480 min room air washout session, tissue O,
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FIGURE 8. Two different CO exposures produce similar HbCO levels at the end of the exposure for subject 120 (from Benignus
et al.”). Comparison of 8 h CO washout from blood on air (solid line) and 100% O, (dashed line) after: (a) short duration,
10 min—high concentration, 6462 ppm, CO exposure in air; (b) long duration, 480 min—low concentration, 265 ppm, CO exposure
in air. Parameter values for these simulations are given in Table A3 of Appendix A.
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FIGURE 9. Comparison of CO washout on air (solid line) and 100% O, (dashed line) after 10 min exposure to 6462 ppm of CO in
air for subject 120 (from Benignus et al.”). (a, b) MbCO levels of the first (a) and second (b) skeletal muscle tissue subcompart-
ments. (¢, d) Myocardial MbCO levels in first subcompartment (c) and second subcompartment (d).

tensions in the skeletal and myocardial subcompart-
ments are still 2-3 Torr below their pre-exposure lev-
els. After the 480 min hyperoxia washout session, the
myocardial and skeletal tissue PO»’s are high due to
breathing ~100% O,.

Long Duration (8 h)—Low Concentration (265 ppm)
CO Exposure

Figure 8b shows the HbCO levels during an 8-h
exposure to 265 ppm CO exposure in room air and
washout on air or 100% O,. Figure 11 shows that after
the end of the 8-h CO exposure, %MbCO in the first
subcompartments of both the skeletal and the cardiac
muscle increases during hyperoxic washout before it
begins to decrease. The MbCO levels are higher in the
first subcompartments of skeletal and cardiac muscle
during hyperoxia when compared to room air. The
MDbCO levels in the skeletal muscle during washout on
room air are similar for both subcompartments. In the
cardiac muscle the MbCO levels are greater in the
second subcompartment than in the first throughout
the course of CO exposure and washout on room air or
100% Os.

Figures 10c and 10d show the skeletal muscle and
myocardial tissue oxygenation in subcompartments 1

and 2 during CO exposure and washout in room air.
After the end of a long (8 h) exposure to 265 ppm CO
in room air, the tissue PO,’s in m; and m, decreased by
35.4% and 46.7%, respectively, from their pre-CO
exposure values. Myocardial tissue PO, in ¢; decreased
by 44.9% from its pre-CO exposure state. There is also
a large decrease of 66.7% in the tissue PO, of ¢, by the
end of long CO exposure. The low tissue O, tensions of
skeletal and cardiac muscle are correlated with the
peak MbCO and HbCO Ilevels.

As indicated in Figs. 8-11, although peak HbCO
levels are similar for specific long-low and short-high
CO exposures, in both tissues (skeletal and cardiac) the
MDbCO levels at the end of CO exposure as well as the
peak MbCO levels are greater after the long-low CO
exposure than after the short-high CO exposure. Also,
the tissue PO,’s are slightly lower after the long-low
CO exposure when compared to the short-high CO
exposure. Unlike the short-high CO exposure, in the
long-low CO exposure rapid increases in MbCO levels
occur only during hyperoxic washout. Figures 12a and
12b show that the total content of CO in the blood at
the end of exposure is slightly greater (~4.3%) for the
long CO exposure when compared to the short CO
exposure even though arterial %HbCO is the same for
both exposures. The MbCO levels in both skeletal
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FIGURE 10. Skeletal and cardiac tissue oxygen tension during CO exposure followed by 480 min washout. (a, b) Oxygen tension
of the skeletal (a) and myocardial (b) tissues during 10 min exposure to 6462 ppm of CO in air followed by 480 min washout on
room air. (c, d) Oxygen tension of the skeletal (c) and myocardial (d) tissues during 480 min exposure to 265 ppm of CO in air
followed by 480 min washout on room air. The first subcompartment (solid line) and second subcompartment (dashed line) oxygen
tensions are shown for both skeletal and cardiac tissues for Benignus subject 120.” The oxygen tensions in the skeletal and
cardiac subcompartments during washout on 100% O, reached high values (see text) at the ends of the washout sessions.

muscle subcompartments are greater in the long-low
CO exposure than in the short-high CO exposure. At
their respective peak MbCO levels, the total CO con-
tent in the tissue as seen in Figs. 12c and 12d is greater
for the long CO exposure than the short CO exposure
(by 42.4% during room air washout and 35.6% during
100% O, administration).

The data presented in Fig. 10 demonstrate that at
rest, O, tensions are greater in skeletal muscle than in
myocardial tissue. At the end of CO exposure in room
air, the decreases in O, tension are larger in the sub-
compartments of the cardiac muscle than in those of
the resting skeletal muscle. The simulations also pre-
dict that the second compartments of skeletal and
cardiac muscle are more O, deprived than the first
subcompartments and that tissue PO, in the second
cardiac subcompartment is approximately one-third of
its pre-CO exposure value at the end of CO exposure.
Even after 480 min of room air therapy, the O, ten-
sions of the skeletal and myocardial tissue do not reach
the pre-exposure values. Finally, the low tissue O,
tensions in skeletal and cardiac muscles are more clo-
sely correlated with peak MbCO levels than with the
HbCO levels.

Effects of CO Exposure During Exercise

Exercising individuals exposed to CO concentra-
tions higher than the permissible levels are more sus-
ceptible to severe tissue hypoxia than those at rest.
Because Mb is considered a transient source of O,
during hypoxic stress and exercise, in the presence of
MbCO oxygen availability is reduced. In such
conditions injury to any exercising muscle, especially
the heart, may be severe due to impaired O, delivery
and temporary unavailability of O, stores accompa-
nied by increased O, consumption.

Kizakevitch er al.>® conducted experiments involv-
ing subjects who exercised during exposure to CO. For
each of five levels of HbCO, subjects underwent an
experimental protocol comprising rest (R) and three-
five-minute treadmill exercise sessions (E1, E2, and E3)
with progressively increasing workloads. In this study
we simulated experimental sessions at 2% HbCO and
20% HbCO levels. Mean data of three normal subjects
(Save) obtained from the investigators™® were used for
the simulations (Table A3, Appendix A). The M RO, at
rest for the baseline and 20% HbCO simulation is
180 mL/min. The three exercise sessions for the 2%
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Comparison of CO washout on air (solid line) and 100% O, (dashed line) after 480 min exposure to 265 ppm of CO in

air for Benignus et al.,” subject 120. (a, b) MbCO levels in the first (a) and the second (b) subcompartments of the skeletal muscle.
(c, d) MbCO levels in the first (c) and the second (d) subcompartments of the myocardial tissue.

HbCO and 20% HbCO had M RO, of 505 mL/min
(E1), 690 mL/min (E2), and 931 mL/min (E3).
Figure 13 shows the predicted states of oxygenation in
the muscle (cardiac and skeletal) tissue and vascular
subcompartments during rest and exercise in the pres-
ence of CO. The tissue and blood O, tensions in the
cardiac and skeletal muscle decreased with increasing
level of exercise during simulations at baseline HbCO
level. There was a further decrease in the tissue as well as
blood O, tensions of the cardiac and skeletal muscle
compartments with increased HbCO level (20%).

DISCUSSION

The deleterious consequences of CO exposure to
viability of tissues are mediated through the effects of
CO on O, delivery and possibly through direct actions
of CO on metabolic functions. Uptake of CO by blood
can be determined by measuring HbCO levels, whereas
uptake of CO by Mb-containing tissues (MbCO levels)
and its effects on tissue PO, are difficult to measure in
CO-poisoned patients. The main objective of this study
was to develop a validated model for predicting time
varying O, tensions and CO levels in human myocar-
dium and skeletal muscle for various CO exposures at
rest and during moderate exercise.

Modifications to Our Earlier Model

Skeletal and cardiac muscles exhibit major differ-
ences in capillary density, blood flow, and O,
demand.3-30-32:43:44.49.65.67 15 addition, unlike skeletal
muscle, cardiac muscle works constantly. Thus, in
contrast to our previous models® '® which lump the
cardiac muscle with the resting skeletal muscle, the
current model has a separate cardiac compartment.

We incorporated two subcompartments instead of a
single compartment to represent the heart in order to
include arterio-venous shunting and intra-tissue O,
and CO diffusion. By so doing, we assume subcom-
partment ¢; to be nearer to the proximal end of arterial
supply with entering arterioles, capillaries and exiting
venules. Subcompartment ¢, is assumed to be distal to
arterioles with gas exchange occurring mainly via
capillaries. By making these assumptions, we are
attempting to relate the behavior of tissue during CO
hypoxia to its distance from an arteriole, a capillary or
a venule.”>* The MbCO levels and tissue PO,’s in the
first compartment would reflect experimental mea-
surements in tissues which lie near an arteriole, while
measurements close to a capillary would be compara-
ble to the second subcompartment. Compared to
skeletal muscle,® the amount of experimental data
available for validating the myocardial model with two
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FIGURE 12. Comparison of total CO content in blood and all tissues during CO exposure and washout on air (solid line) and 100%
O, (dashed line) for two different CO exposures in air (6462 ppm for 10 min and 265 ppm for 480 min) producing similar HbCO
levels at end of the exposure. (a, b) Total content of CO in the blood during (a) high concentration—short duration CO exposure
and (b) low concentration—long duration CO exposure. (c, d) Total content of CO in the tissue during (c) high concentration—short
duration CO exposure and (d) low concentration—long duration CO exposure.

subcompartments is limited (Table 1). Although
absolute values of predicted tissue PO,’s differ some-
what from experimental measurements (Fig. 5), pre-
dicted changes in these values relative to changes in
arterial PO, agree reasonably with the data.

Increase in work load of the heart would result
in increased O, demand and supply to the
heart, 304344496567 Ajterations in these parameters
with changing work load were implemented by esti-
mating MOC and MBF as a function of HR. Although
HR is not the best surrogate for MOC and MBF, other
indices (e.g., heart rate-blood pressure product, car-
diac output) were not available for all of the experi-
mental data used to build the regression relationships.
Thus, the current model can simulate conditions of CO
exposure during moderate exercise of various intensity
levels (which do not cross the anaerobic threshold) but
better methods for estimating MOC and MBF are
desirable.

Experimentally, PS has been found to increase line-
arly with blood flow (see auxiliary equations in section
“Cardiac Muscle Compartment™ of Appendix B), con-
tributing to increased diffusive flux of O, in times of
impaired O, delivery.'> In the model, the effect of

vasodilatation and capillary recruitment on blood—tis-
sue gas exchange was implemented by increasing PS asa
linear function of increases in blood flow to the heart.
In cases where investigators did not measure blood
volume in their experiments,”® blood volume was
estimated for individual subjects by means of a
regression equation reported in the literature.”®

Simulation Findings

After validating our model, we analyzed the pre-
dicted temporal changes in HbCO levels, MbCO levels,
and tissue O, tensions in the human myocardium and
skeletal muscle for specific CO exposure and washout
regimens to obtain insights regarding the potential for
hypoxic injury to heart or skeletal muscle tissue.
Therefore, we looked for correlations of HbCO and
MDbCO levels with changes in tissue O, tensions for CO
exposures of short and long durations and for exercise
during CO exposure. Because injury was also reported
in CO poisoned victims during therapy,>=*>° we also
looked for the correlation of HbCO and MbCO levels
with tissue O, tensions during room air and 100% O,
breathing following CO exposures.
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(E1, E2, E3). (c) Shows the coronary venous PO, (P, 0,) for R, E1, E2, E3. (d-f) Show the tissue (P,102, P,202) and the muscle venous
(PmvO2) oxygen tensions for R, E1, E2, E3. Parameter values for these simulations are given in Table A3 of Appendix A.

Mpyocardium Compared to Skeletal Muscle

Under all of the simulation conditions, the cardiac
tissue shows higher MbCO levels and lower tissue O,
tensions than skeletal muscle. These findings are con-
sistent with the fact that cardiac muscle has a higher O,
consumption per gram than resting skeletal muscle,
although the higher blood flow and capillary density in
myocardium partially compensate for its higher O,
demand. A critical issue is whether the levels of tissue
PO,’s predicted in the myocardium represent a
potentially injurious limitation of O, availability.
When PO»’s in myocardial mitochondria drop below
1-2 Torr, oxidative phosphorylation will be impaired,
resulting in decreased ATP production.*"”! We con-
sider a model prediction of tissue PO, < 1 Torr to be
indicative of potential hypoxic injury.*® The lowest
predicted myocardial tissue PO, occurs at the end of
the third stage of moderate exercise (E3, Fig. 13). With
2% HbCO, P.,0O, in E3 is well above this threshold for
hypoxic injury, but with 20%HbCO P,0; is very near
to the level that may impair oxidative phosphorylation.

The risk of hypoxic injury would be greater in
subjects exercising during exposure to CO.’” At the
onset of an increase in O, demand due to exercise,
temporary O, deprivation could result because of the
reduced storage of O, by Mb in the presence of

MbCO. Temporary impairment of O, delivery to the
tissue, together with a decrease in MbO, due to an
increase in MbCO, could contribute to the observed
abnormalities in the ECG and ventricular wall motion
in CO poisoned victims.> Also, in a patient population
with congestive heart failure or coronary artery disease
where myocardial perfusion is not normal, exercise
during exposure to CO would pose an even greater risk
for hypoxic injury for these same reasons.

Our previous models predicted the possibility of
injury to muscle tissue during CO exposure. The effect
of CO may not be as detrimental to resting skeletal
muscle tissue as to exercising skeletal muscle, and
both our previous and current simulations may
underestimate the potential for injury of skeletal
muscle in practical exposure situations. This limitation
may apply especially to long CO exposures during
moderate to heavy exercise.

From the predictions of our current model we infer
that the responses of cardiac muscle and skeletal
muscle to CO exposure are qualitatively similar but
differ quantitatively due to the anatomical and func-
tional differences between the tissues. In rest and
moderate exercise, the myocardium is predicted to be
at greater risk for hypoxic injury than skeletal muscle
during the course of CO exposure and washout.
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Effects of Concentration and Duration of CO Exposure

In our simulations of a short and a long CO expo-
sure, the inspired CO levels were adjusted to produce
the same HbCO level (29.5%) at the end of CO
exposure in both cases (Fig. 8). Despite this similarity,
the MbCO levels and the total content of CO in the
blood and tissues at the end of CO exposure are greater
for the long CO exposure (Fig. 12). However, the O,
tensions in both heart and skeletal muscle tissues are
only slightly lower at the end of the long exposure than
at the end of the short CO exposure.

Our model predicts that the disparities between
MbCO responses and HbCO responses occur because
CO levels in the blood and tissue do not equilibrate
rapidly. MbCO levels in the tissue containing Mb
depend on the HbCO levels in the blood, blood flow to
the tissue, diffusion coefficient of CO in the tissue, and
metabolic demand for O, in the tissue. In the short
duration-high concentration CO exposure, less CO
diffuses from blood into the tissue due to the shorter
exposure time and due to the effect of the blood—tissue
conductance for CO (which approximately equals that
for oxygen).® Thus the MbCO levels are lower when
compared to the long exposure at low CO concentra-
tion (Figs. 9, 10). The rapid increase in HbCO during
the short exposure to a high CO concentration results
in a greater increase in cardiac output and blood flow
to the tissue and, therefore, higher tissue PO,’s when
compared to long exposure to a low CO concentration.
Of course, during CO exposure and washout regimens,
in short as well as long CO exposures, homeostasis
requires PO,’s to adjust so that O, flux driven by
partial pressure gradients will eventually supply ade-
quate O, to the tissues.

Washout on Room Air Compared to Washout
on 100% O,

Significant ECG changes, premature ventricular and
atrial contractions, congestive heart failure, and fatal
arrhythmias have been reported in CO poisoned
patients during and after treatment.”>**>* In our
simulations, MbCO levels in the muscle tissue reached
their highest levels during washout on 100% O, after
CO exposure in room air. Especially in the long-low
CO exposure simulation, sharp increases in MbCO
levels were observed only during hyperoxia (Fig. 11).
Furthermore, the peak MbCO levels were significantly
higher during washout on 100% O, vs. room air
(Figs. 9, 11). The sharp increases in MbCO levels
during washout on 100% O, suggest that the CO
released from Hb by hyperoxia diffuses into tissues and
binds to Mb, resulting in elevated MbCO levels in
the early part of washout. In washout on 100% O,, the
drop in HbCO is faster due to the higher PaO,. The

increased concentration of dissolved CO in blood
increases CO diffusion into the muscle tissue, resulting
in higher MbCO levels. During washout on room air,
the drop in HbCO level is slower, resulting in less CO
being available to diffuse into the muscle. The lower,
but longer-lasting, elevation in MbCO levels observed
during room air washout when compared to hyperoxia
is the result of two competing factors. Hyperoxia dis-
places more CO from Hb, raising the pressure gradient
supporting CO diffusion from blood into tissues. At
the same time, exhalation of CO through the lungs is
accelerated compared to washout on room air, and the
pressure gradient driving CO into tissues is more
quickly reversed. Though there is an increase in the
MbCO levels with hyperoxia, the tissue was not hyp-
oxic. The tissue O, tensions were high because O,
delivery was enhanced both by the increase in available
HbO, and by an increase in dissolved O, in blood.

Effects of CO Exposure During Exercise

We simulated rest and three different stages of
moderate exercise in the presence of 2% HbCO and
20% HbLCO. Results (Fig. 13) show that exercise
decreases the tissue and blood O, tensions in both
cardiac and skeletal muscle. Blood and tissue PO,’s in
the cardiac compartment are lower at 20% HbCO than
at 2% HbCO during rest and the three stages of
exercise. The MbCO levels of the cardiac subcom-
partments increase with exercise, although the HbCO
levels are constant. Increased physical activity
increases cardiac output which results in increased
myocardial work, causing MOC and MBEF to increase.
Increased MBF increases the CO delivery to the heart
and MbCO levels rise. Also, increased myocardial O,
consumption adds to the prevailing O, deficit in the
tissue due to CO induced hypoxia. Increased MbCO
levels result in decreased MbO, levels in the tissue;
thus, less O, reserve (MbO,) is available to buffer any
further increase in myocardial O, consumption until
the blood supply to the heart increases. In addition,
Mb facilitated diffusion probably contributes to tissue
oxygenation over a range of O, metabolic demand,>*¢
but this effect has not been implemented in the model.
The model prediction of lower myocardial blood and
tissue O, tensions during exercise in the presence of CO
supports the observations of increased risk of cardiac
injury in a working population exposed to CO.>%377

Concerns and Limitations
Parameter Estimation Concerns

For the cardiac compartment, average values from
experimental data were considered for most of the
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parameters. Predictive equations were developed from
data obtained in studies conducted at sea level of
healthy Caucasian and African American subjects at
rest who ranged in age from 20 to 46 years.

Predictive equations were developed for estimating
MBF and MOC. Although more reliable predictions
could have been made by calculating the estimates
from heart rate-blood pressure product,****%> blood
pressure was not available for the data sets we
used.” "% Estimating MOC and MBF as functions of
cardiac output seemed to be an alternative approach,
but functional relations among cardiac output, MOC,
and MBF could not be found in the literature. Pre-
diction formulas were also used to estimate cardiac
output and HR based on total body O, consumption
(Egs. C.4 and C.6, Appendix C), when actual values
were not available. Estimating a value for resting PS
for the two cardiac subcompartments was very difficult
due to unavailability of data. The initial estimates for
PS were obtained from models™'? and then the resting
values were scaled to match the size of the tissue, type
of the tissue, and the species.

Validation Concerns

The major concern in validating the cardiac com-
partment of the model was the lack of experimental
data from healthy human subjects for testing the
model predictions. Consequently, we utilized data
predominantly from animal studies. One can see from
Table 1 the extent of variability in the data available.
Experiments involving swine were emphasized due to
the similarity with human coronary anatomy and
vasculature.”>*° Also, most of the data available were
from anesthetized animals and the type of anesthesia
can have a significant effect."* Reported values may
have a 10-15% error®® due to O, consumption by the
electrodes, diffusion of O, from blood or tissue to the
electrode, and to a shift in electrode position due to
beating of the heart. Most of the methods available for
measuring myocardial tissue O, tension are invasive
and insertion of electrodes could have caused damage
and bleeding, thereby possibly altering the measured
O, tensions. As shown in Fig. 5c, model estimates for
myocardial vasculature PO, correlate well with the
experimental coronary venous PO,. The high degree of
reproducibility of experimental coronary venous O,
tension measurements makes the process of validation
easier. On the other hand, the high degree of variability
in measurements of myocardial tissue O, tension
makes the validation of model predictions of tissue
PO,’s difficult. The predicted myocardial tissue PO,’s
are in agreement with other models®?! that utilized a
single heart compartment or a distributed (finite-ele-
ment) model. The predicted capillary blood PO, values

were also in agreement with mean values reported in
Takahashi and Doi.*

Concerns Related to Available Experimental Data

In this model, heart rate is required for estimation
of myocardial O, consumption and blood flow. In the
experimental data provided by Benignus er al.” and
Burge and Skinner,'" heart rate and total body O,
consumption information were not available. An
average whole-body metabolic rate of 0.0032 mL g~
min~! was assumed for all the subjects.® '° Total body
O, consumption, heart rate, myocardial O, consump-
tion and blood flow estimated in the model may differ
from actual values at the time of experiments. Errors in
estimation of the above parameters, especially heart
rate, may have significant effects on the model pre-
dictions. For simulations of exercise sessions, the CO
diffusion coefficient of the lungs (D; CO) and the pul-
monary shunt fraction (SF) are assumed to be con-
stants. Zavorsky er al®® have reported changes in
D; CO with varying exercise intensity. In addition, the
shunt fraction is reported to increase with increases in
exercise intensity.”””’

Effects of H", CO>, and Lactate

The effects of carbon dioxide (CO») and pH on the
oxygen dissociation curves (ODC) of hemoglobin and
myoglobin have not been included in our simulations.
The Bohr and Haldane effects on Hb binding of O,
might have influenced our model predictions during
hypoxia (used during model validation). To examine
this issue, we used the polynomial fit equation for
calculating Psy of Hb (Psy ) proposed by Dash and
Bassingthwaighte.'” The Pso u, was calculated in
conditions of normoxia and hypoxia (F;O, = 0.08 and
0.06) for the venous measurements of PCO, and pH
reported by Zhu et al.’® The calculated Pso ub values
during normoxia and the two levels of hypoxic hypoxia
were 24.7, 24.9, and 25.5 Torr, respectively. Because
the difference in Ps5_yp, between normoxia and hypoxia
was less than one Torr, the Bohr and Haldane effects
on the ODC would be small enough to be negligible.

The model presented here is intended to be applied
to simulations of rest and mild exercise. Consequently,
it has been assumed that several factors which may be
important in heavy exercise (i.e., above the lactic acid
threshold) are negligible under the conditions we sim-
ulated. End-tidal PCO, and blood lactate concentra-
tion remain near their resting values during exercise at
levels below the lactic acid threshold®' (LAT); there-
fore, their effects can be ignored if it is shown that our
simulated conditions are below the LAT. Blood lactate
levels were not measured in the exercise experiments
we simulated.”® Koike et al., reported the total body
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O, consumption at the LAT (MRO,;) in human
subjects (mean age 32.8 years) for no CO exposure and
for 20% HbCO.”' The MRO, was 2.26 + 0.72 L/min
for 0% HbLCO and 1.75+ 0.4 L/min for 20%
HbCO’'. In our simulations MRO, at the highest
exercise level was 0.93 L/min at 2% HbCO and 20%
HbCO. Thus, our simulations pertaining to exercise
are at levels of O, consumption well below the LAT as
reported by Koike ez al.!

During exercise, pH decreases and lactate concen-
tration in skeletal muscle tissue increases.'>** Both
factors can alter the Ps, of Mb (PSO_Mb).28’75 The
lowest pH reported in human skeletal muscle when
exercising to fatigue is ~6.5.*>7 The consequences of
changes in pH and lactate concentration on the oxy-
myoglobin dissociation curve have been determined by
assessing their effects on the PSO_Mb.28’75 For intracel-
lular pH values of 6.5, 7.0, or 7.5, the Psy wy is 2.46,
2.39, and 2.32 Torr, respectively. When we ran our
simulation of CO exposure during exercise under the
assumption that pH in muscle tissue falls rapidly to
6.5, a level seen only with heavy exercise or ischemia,
the tissue PO,’s predicted in skeletal muscle at the end
of each 5-min exercise period differed from those
reported above only in the second decimal place.
Therefore, the decrease in pH associated with moder-
ate exercise would be expected to have only a negligible
effect on predicted oxygen tensions.

Lactate accumulation may also alter oxygen binding
to Mb.”® Lactate concentration in resting skeletal
muscle fibers is ~2.5 mM, and it can increase to 10 mM
in mild to moderate exercise.'*** In fatiguing exercise,
muscle lactate concentration may rise to 30-40 mM."?
Increasing lactate concentration 4-fold from 2.5 to
10.0 mM causes Psy wmp to increase by 38%,%% or from
2.32 to 3.20 Torr in our model. We repeated the sim-
ulations of exercise using Psy iy, equal to 10 and found
that predicted tissue POj’s (in both transient and
steady state) differed by only tenths of a Torr from
those determined with Psy mp = 2.32. This result is
reasonable because the flux of O, from blood to tissue
is determined by the partial pressure gradient and (in
the aerobic steady state, at least) this flux must match
the metabolic oxygen consumption. Therefore, the
value of Pso v, has a negligible effect on predicted
oxygen tensions (which are our focus). In fatigued
skeletal muscles lactate concentrations may rise to
30-40 mM; under such circumstances it would be
necessary to adjust the Psy np in the model.

Of necessity, the myocardium regulates pH to a
much greater extent than does skeletal muscle tissue
because cardiac function is impaired by pH changes
such that the force of contraction decreases markedly
at a pH of 6.8.°> An abrupt change in pH is adjusted
rapidly (“within minutes”)’” in cardiac myocytes by

cardiac-specific isoforms of four transporters, carbonic
anhydrase, the lactic acid transporter proteins MCT]1
and MCT**® and by gap junctions. The heart metab-
olizes lactate rapidly even at rest, and exercise at 40%
of VO,max does not increase myocardial lactate pro-
duction.”® A 4-fold increase in myocardial MRO,
(more than the increase which occurs in our simula-
tions) is predicted to increase myocardial lactate level
from ~3 to ~6 mmol.”” Furthermore, the presence of
CO bound to Mb (as high as 58% MbCO) in the heart
does not result in an increase of lactate production
over that measured without CO.'® In addition, simu-
lation studies have demonstrated that increased
hydrolysis of ATP in the myocardium activates mul-
tiple pathways to support oxidative metabolism.>*""%!
Indirect evidence based on measuring the ratio of
[PCR]/[ATP] and inorganic phosphate (Pi) suggests
that any activation of anaerobic metabolism or change
in [H "] at the onset of increased metabolic demand in
the myocardium is very short-lived.>>*® Consequently,
it is unlikely that an accumulation of metabolic
byproducts in the heart would significantly affect the
tissue oxygen tensions predicted in our simulations.

Other Concerns

A primary limitation of the model of cardiac tissues
is that it has lumped component parameters. This
structure results in the loss of anatomic resolution and
functional representation of the tissues. The blood
flow, O, consumption, capillary density, and O, ten-
sion vary with layers (epicardium, midmyocardium,
endocardium) and chambers of the heart (atria and
ventricles). It would be difficult to model all these
layers and chambers. Thus, for the purpose of this
study, the best choice was to model the region of the
left ventricular mid-myocardium because this region is
susceptible to injury during CO exposure due to its
high O, demand. Accordingly, most of the predictive
equations for determining blood flow and O, con-
sumption were constructed for the left ventricular
region (left ventricle and intraventricular septum) of
the heart.

CONCLUSION

We developed an improved whole body model
capable of predicting the extravascular burden of CO
in the human heart and its effects on tissue oxygena-
tion. Determining the CO load on the cardiac tissue
allows one to predict O, partial pressures within the
tissues which are likely to be important predictors of
injury. In the current study we have simulated condi-
tions of: (i) transient CO exposure followed by
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washout, (i) hyperoxic rebreathing, (iii) short dura-
tion—high concentration CO exposure, (iv) long dura-
tion—-low concentration CO exposure and (v) CO
exposure during moderate exercise. For all the above
simulations, we analyzed correlations between HbCO,
MbCO, and tissue O, tensions to estimate the potential
for myocardial and skeletal muscle injury due to CO
hypoxia. Although the responses of cardiac muscle and
skeletal muscle to CO exposure are qualitatively simi-
lar, they differ quantitatively and the myocardium is
predicted to be at greater risk for hypoxic injury than
skeletal muscle during the course of CO exposure and
washout during rest as well as exercise. The current
model, which is capable of simulating moderate exer-
cise conditions, suggests that exercising skeletal muscle
is more susceptible to injury than resting skeletal
muscle during CO exposure. The current model con-
firms for the myocardium the previous prediction for
skeletal muscle’ that hyperoxic therapy causes an ini-
tial rapid increase in MbCO; however, tissue PO, levels
rise during this time because of the simultaneous rise in
P,O,. The most serious consequence of an elevated
cardiac MbCO may be the diminution of O, reserve in
the tissue, with the consequence that local O, supply

may be insufficient to meet a transient increase in
metabolic demand. Because the HbCO level in blood is
not a reliable indicator of injury, development of this
model could prove useful both to estimate risk for
hypoxic injury after a CO exposure and to assist in
the design of an optimal treatment protocol for a
CO-poisoned patient.

Our model was developed to simulate steady state
rest and dynamic exercise of moderate intensity during
or after sublethal CO exposures (e.g., HbCO < 30%).
To simulate conditions of severe hypoxic hypoxia,
severe CO hypoxia (e.g., HbCO > 50%), ischemia,
prolonged static exercise, or dynamic exercise at M RO,
levels exceeding the LAT, this model would have to be
modified to account for the effects of H" and lactate on
the oxygen dissociation curves of Hb and Mb.

APPENDIX A: GLOSSARY OF MODEL
PARAMETERS AND VARIABLES

This section contains tables of symbols, parameter
values, steady state values and initial conditions.

TABLE A1. Primary compartmental variables and parameters.

Symbol Subscript Description Units
CO» Concentration of O, in compartment ‘K’ mL/mL
C.CO Concentration of CO in compartment ‘k’ mL/mL
COHby Concentration of CO bound to Hb (HbCO) in compartment k’ mL/mL
COMby Concentration of CO bound to Mb (MbCQ) in compartment ‘k’ mL/mL
MRO, Metabolic rate of O, in compartment ‘K’ mL/g
O,Hby Concentration of O, bound to hemoglobin (Hb) in compartment ‘k’ mL/mL
O,Mby Concentration of O, bound to myoglobin (Mb) in compartment ‘k’ mL/mL
PO, Partial pressure of O, in compartment ‘k’ Torr
P,CO Partial pressure of CO in compartment ‘K’ Torr
Q Blood flow to compartment ‘K’ mL/g
Vi Volume in compartment ‘k’ mL
‘K Description of subscript ‘K’

A Alveolar compartment of lungs

ar arterial compartment

bc4 blood compartment 1 of cardiac muscle tissue

bc, blood compartment. 2 of cardiac muscle tissue

bcg or cv blood compartment 3 of cardiac muscle tissue

bm; blood compartment 1 of skeletal muscle tissue

bm, blood compartment 2 of skeletal muscle tissue

bms or mv blood compartment 3 of skeletal muscle tissue

bot total blood compartment of other tissue

c cardiac muscle tissue compartment

Cq cardiac tissue compartment 1

Co cardiac tissue compartment 2

ep end pulmonary compartment of lungs

ec end capillary compartment of lungs

| Inspired gas

m skeletal muscle tissue compartment
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TABLE A1. continued.

‘K Description of subscript ‘K’

m4 skeletal muscle tissue compartment 1

my skeletal muscle tissue compartment 2

mx mixed venous compartment

ot other tissue compartment (nonmuscle)
vot venous blood compartment of other tissue

TABLE A2. Definition of symbols related to diffusion coefficients and permeability surface area products.

Generic form

Specific parameters

Description

DO,, DCO Diffusion capacity of O, or CO in tissue compartment ‘k’ (mL min~" Torr™")
D, O,, D,CO lung diffusion capacity for O,, CO
DyCO muscle diffusion capacity for CO
Db.g Diffusion coefficient of gas ‘g’ (O, or CO) from blood compartment ‘k’ to tissue
compartment (mL min~" Torr™")
Db.1O5, Db.4CO blood (bc4) to cardiac tissue (c4)
Db50,, Db,CO blood (bc,) to cardiac tissue (c»
Db305, Db.3CO blood (bcs) to cardiac tissue (c4)
Dby10,, Dby1CO blood (bm) to muscle tissue (m4)
Dby505, Db, ioCO blood (bm,) to muscle tissue (my)
Db 305, Db,,sCO blood (bmg) to muscle tissue (m4)
Db,;O5, Db,;CO blood (bot) to other tissue (ot)
D\g Intratissue diffusion coefficient of gas ‘g’ (O, or CO) in compartment ‘k’ (mL min~" Torr™")
D05, D';,CO in cardiac subcompartments; ¢4, C»
D05, D'(yCO in muscle subcompartments; my, m,
PS,0, Permeability surface area product of O, for vasculature in compartment ‘s’ (mL min~" Torr™)
PS;10, for arterioles/venules in cardiac compartment, ¢ (PS;ay restO2 is the initial value)
PS50, for capillaries in cardiac compartment, ¢, (PSccap_restO2 is the initial value)
PS,105 for arterioles/venules in muscle compartment, my (PSnmay_restO2 is the initial value)
PS1205 for capillaries in muscle compartment, My (PSmcap_restO2 is the initial value)
TABLE A3. Definitions of symbols and subject-specific values used in simulation of experiments of Benignus et al.”; Burge
et al.,'"" Kizakevich et al.°° (— Indicates “not applicable”).
Subject 120 Subject 2 Subject S,vg”
Parameter Description of Ref. 7 of Ref. 11 of Ref. 50 Units
Age Age of the subject 23.9 20 25 years
BW Body weight of the subject 72.7 63 74.5 kg
Chigb Concentration of Hb in blood 0.145 0.1347 0.145 g/mL
CINT Maximum time step of the integration algorithm 0.001 0.001 0.001 min
CObgpc Initial %HbCO level in blood 0.7 2.15 2 none
COmgpc Initial %MbCO level in tissue 0.7 2.15 2 none
COppm” Concentration of CO during exposure 6683 13,200 - ppm
temp Temperature during CO exposure 296 296 296 °Kelvin
D.CO Lung diffusion coefficient for CO 29 30 29 mL min~" Torr™*
DwuCO Blood to tissue diffusion coefficient of muscle®'° 7 4.5 5 mL min~" Torr™’
G Gender of the subject, G = 0: Female; G = 1: Male 1 0 1 none
HT Height of the subject 1.791 1.73 1.841 m
O,INFLOW O, supply to rebreathing circuit - 230 - mL/min
P4Osi Arterial PO, for initial condition 100 640 100 Torr
Pkgi Barometric pressure for initial condition 760 760 760 Torr
PmOsi Tissue PO, for initial condition 21 50 21 Torr
Ti End of model initialization time 11.9 11.9 12 min
Tco Begin time of CO exposure 12 12 - min
Teqr” Begin time of exercise stage 1, E1 - - 17 min
Teo" Begin time of exercise stage 2, E2 - - 22 min
Tes* Begin time of exercise stage 3, E3 - - 27 min
Tth* End time of CO exposure and begin time of therapy 17 - - min
Tend* end time of the simulation 300 52 33 min
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TABLE A3. continued.

Subject 120 Subject 2 Subject Savg?
Parameter Description of Ref. 7 of Ref. 11 of Ref. 50 Units
FOs.7i Fractional inspired O, before Ti 0.208 1 0.208 none
FiOs.7¢0 Fractional inspired O, after Tco 0.208 1 0.208 none
FiOs.n* Fractional inspired O, after Tth 0.208 - — none
HR+; HR (heart rate) before Ti 66 66 73 beats/min
HR7co HR after Teo 66 66 73 beats/min
HR7E4 HR after Tg4 - - 84.5 beats/min
HR7e» HR after Tgo - - 98 beats/min
HR7Es HR after Tgs - - 116 beats/min
HRn, HR after Tth 66 - - beats/min
MR+;05 MRO, (total body metabolic rate) before Ti 233 224.85 180.5 mL/min
MR7:0,05 MRO, after Tgo 233 224.85 180.5 mL/min
MHTE102 MROZ after TE1 - - 505.15 mL/min
MRTEZOZ MROQ after TE2 - - 690.59 mL/min
MHTE302 MROg after TEg - - 931.48 mL/min
MRnnO2 MRO, after Tth 233 - - mL/min
Qri Q(cardiac output) before Ti 5800 Eqg. (C.3) 6775 mL/min
Qreo Q after Teo 5800 Eq. (C.3) 6775 mL/min
Qr, Q after Tg, - - 11290 mL/min
Qr,, Q after Tes - - 13415 mL/min
e, Q after Tes - - 15570 mL/min
Qrn Q after Tth 5800 - - mL/min
Vbperkg Volume of blood per kg of BW 60.935 66.24 Eq. (C.2) ml/kg
Vi Ventilation before Ti (t < Ti) 5500 6000 3164 mL/min
Vico Ventilation after Tco (Teo < t< Tth) 5500 0 3164 mL/min
Vr., Ventilation after Tg - - 8860 mL/min
Vr,, Ventilation after Tes - - 10472 mL/min
Vr, Ventilation after Tgs - - 12111 mL/min
Vi Ventilation after Tth (Tth < t < Tend) 6633 - - mL/min
v Lung volume 2500 1500° 2500 mL

3See text in Results section “Effects of CO exposure during Exercise” of the manuscript.

PIncreases to 5000 mL at t = Ti, to account for volume of the rebreathing circuit.

*Values are different for simulations of short-high CO exposure (RA, 100%0.,), long-low CO exposure (RA, 100%0,), and exercise at
20%HbCO.

TABLE A4. Parameters and their default values.

Parameter Description and references Value, units

o Density of muscle® tissue 1.04, glcm®

Ciibe Concentration of Mb in cardiac muscle tissue*? 0.0023, g/mL

Cvbm Concentration of Mb in skeletal muscle tissue® 0.0047, g/mL

Dovm_on Ratio of Db,30, (t) and Dby,O, (1)® 0.075, none

Dove_on Ratio of Db.30, (t) and Dbg105 ()2 0.095, none

Do, Diffusion coefficient of O,° 0.0006, mL min~" Torr™!
DbyO» Diffusion coefficient of O, from blood to other tissue (nonmuscle) compartment 7.5, mL min~"! Torr™!
dXm Mean intercapillary distance in skeletal muscle® 0.1, cm

axe Mean intercapillary distance in cardiac muscle® 0.0353, cm

Fyc Cardiac muscle tissue volume distribution fraction® 0.2, none

Fym Skeletal muscle tissue volume distribution fraction® 0.4, none

Ko, Oxygen capacity of Hb® 1.38, mL Oy/gHb
K0, PO, at which MR.O, decreases by 50%° 0.2, Torr

KnO2 PO, at which MR,,0, decreases by 50%° 0.5, Torr

My Haldane affinity ratio for hemoglobin (Hb)® 218, none

My Haldane affinity ratio for myoglobin (Mb)® 36, none

MR,mO2 O, consumption of arm muscles® 0.0014*, mL min~" g~*

MR,,O» O, consumption of leg muscles® 0.002*, mL min~' g~ '
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Parameter Description and references Value, units
MRmO» O, consumption of trunk muscles® 0.002*, mL min~" g~
PsoMbyy, PsoMbg Partial pressure of oxygen at 50% of Mb saturation® in skeletal (m) 2.32, Torr

and cardiac (c) muscle
Ps Barometric pressure 760, Torr
PScay restO2 Permeability surface area product of O, for arterioles/venules® in cardiac muscle 180, mL min~" Torr™" g‘1

P. Sccap,restoz
P Smav?resto2
R Smcap,restoz
Qamg

Qmg

Otmg

Sco

So,

SF

7

Veo

Ve

Viy

Vi

Vmg
Volfrac,
Volfrac,
Volfrace
Vot,

Permeability surface area product of O, for capillaries® in cardiac muscle
Permeability surface area product of O, for arterioles/venules® in skeletal muscle
Permeability surface area product of O, for capillaries® in skeletal muscle

Blood flow of arm muscles®

Blood flow of leg muscles®

Blood flow of trunk muscles®

Solubility of CO in plasma®

Solubility of O, in plasma®

Pulmonary shunt fraction®

Alveolar minute ventilation

Endogenous CO production®

Volume of heart®®

Volume of intra-ventricular septum®®

Volume of left ventricle®®

Normal volume of muscle tissue for 70-kg man®

Fraction of volume of cardiac muscle compartment attributed to bloo
Fraction of volume of skeletal muscle compartment attributed to blood®
Fraction of volume of other tissue compartment attributed to blood®
Normal volume of nonmuscle tissue for 70-kg man®

d48

450, mL min~" Torr~" g~*

37.5, mL min~"! Torr ' g~

1

37.5, mL min~" Torr—' g~

0.021, mL min~' g7’
0.03, mL min~' g~*
0.03, mL min~' g~

2.35 x 1075, mLmL™" Torr™’
3.14 x 107%, mL mL~" Torr™!

0.02, none
5500, mL/min

7, wl/min
254(M),180(F), mL
64(M), 49(F), mL
94(M), 67(F), mL
29.1, L

0.1161, mL/g
0.035, mL/g
0.035, mL/g

9.6, L

@See text in section of the manuscript entitled “Cardiac Compartment Structure and Parameter Estimation”.
*Values with *’ are in STPD and all other values are in BTPS.

TABLE A5. Initial values®.
Variables Initial value
Ca0: CaOs = Pi;o.zl
Bl
 PaCO _ Pa0si - COby B O2Hbimax
CACO =5 7+ ParCO = W FDO0,) .COby = CObgpc <71 - )
CaCO (P)" P Osi
HbO, = (O2Hbpmax — COHD) - (1 - (P)") P = j; 2
. 50
C. 0> CarO2 = HbO2 + (ParO2i - So,)
C..CO Ca'CO = COby oo
Cm1 02 = Pmozi . SQ2 + Osz§ Osz = (CMbmaxm - COmo) . < ( m> n)'-,
1+ (Pm)
Crm O CMb
CnOs = Cm102;COmo = COmopc~ ( 108ax)
. COn
CimiCO = PrCO - Sco + COm: PmCOg = PmOai - oM
Cmi1CO My - O2Mb
m1 .
.CM P
co,, — SOmo 130 brraxm, g ;02'; CnCO = CniCO
50
Cmz02 Cin202 = CnO2 "
Cm2CO Cn2CO = C,,CO
Cmv102 G102 = HbO; + (So, - ParOzi) — (MFsi2)
CinviCO Con1CO = COby "
cmv2°2 cmv202 = Cmv1o2 - (%)
Ciny2CO CrnzCO = COby "
cmv302 Cmv302 = Cmv202 —-05- <%§Oz)
Cmv3CO CmvaCO = CObg
cc1 02 CC1 02 = Cm02
C.1CO C.1CO = C,,CO
cc202 Cc202 = Cmo2
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TABLE A5. Continued.

Variables Initial value
C.CO CoCO = C,,CO
Cevi0, Cev102 = HbO; + (So, - ParO2i) — (%loz)
C.,1CO Ceov1CO = COb,
Cov202 Co202 = Con0z — (M02)
C.2CO Cev2CO = CObg
ccv302 Ccv302 = CCV202 -05. (%)
C.v3CO CeovsCO = COb,
PotO2 - So,: PotO2.0 = finv(HbO2vo0t0, p50, N, C max)
C.:O
or-2 HbO,voty = HbO, — (M)

ot
CoiCO ColCO = PCO - Sco
CmxO2 CinxO2 = HbO, — 1.1 (@)
CmxCO CmxCO = CObg + (Sco - PmxCO)

PmCO = (% PmCO) + (% PeCO) + (% PuaiCO)

8Initial values of variables are calculated from fixed parameter values (Table A4) and user-specified parameters (shown in bold) that depend
on the specific study being simulated. See Table A3 for definitions and values of user-specified parameters.

TABLE A6. Steady state values of concentrations (mL/mL) of O, (CxO.) and CO (C,CO) for different subjects, whose responses
were simulated using values from Table A3.

Variables Subject 120 of Ref. 72 Subject 2 of Ref. 11° Subject Syq of Ref. 50°
CaO» 0.153 0.976 0.136
CACO 3.08 x 107° 3.14x107° 9.06x107°®
CepO2 0.197 0.204 0.192
CepCO 1.47 x 10°° 3.61x10°° 411x10°°
Cec0> 0.196 0.203 0.191
CecCO 1.47x1073 3.61x107° 411x107°
CarO> 0.196 0.203 0.191
C.CO 1.47x1073 3.61x107° 411x1073
CotO> 9.28x107* 9.15x107* 1.85 x1073
CoCO 6.76x1078 8.16x1077 1.89 x1077
CuotO> 0.155 0.141 0.169
CuotCO 1.47x1073 3.62 x107° 411x10°3
Cm102 0.007 0.007 0.007
CniCO 2.41x10°° 1.26x107* 7.91x107°
Cm202 0.006 0.006 0.006
Cm2CO 2.97x10°° 9.37x107° 9.54x10°°
Crv102 0.128 0.118 0.125
Cmv1CO 1.48x1073 3.61x107° 4.13x1073
Cmv202 0.101 0.105 0.101
Crv2CO 1.49x1073 3.70x107° 417x10°3
Crmv302 0.119 0.127 0.116
CmvaCO 1.49x10°3 3.71x107° 417x107°
Ce105 4.07x107° 6.22x107° 3.89x1072
C.1CO 8.39x10°° 3.64x107° 2.52x107°
Ce205 3.36x107° 3.47x107° 3.32x1072
Ce2CO 1.02x107° 2.73x107° 2.91 x107°
Cev1O2 0.167 0.167 0.167
Cey1CO 1.47x1073 3.61x107° 411x10°3
Cev202 0.067 0.068 0.076
Cev2CO 1.47x1073 3.62x107° 411x10°3
Cev3O2 0.069 0.077 0.077
CevsCO 1.47x1073 3.62x107° 411x1073
CmxO> 0.147 0.138 0.159
CmxCO 1.47x1073 3.65x107° 411x107°

®Resting, room air.
PResting, 100% O..
°Resting, room air.
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APPENDIX B: MASS BALANCE EQUATIONS
FOR OXYGEN (0,) AND CARBON MONOXIDE

(CO)
Lung (Alveolar (L) and End-Pulmonary (ep))
Compartments
dCAO;(t v,
1, 4€2020 _ (b6, (1) — Pa0s (1)) - 22 — Osfluxp ()
dt P
(B.1)
dCACO(1 14
1 200 o — pacoq) - L2
dt Py
— COfluxy (1) (B.2)
Auxiliary Equations for Lung Compartment
310
PO, = F1O; - (Pg —47) - (Cotemp>
0, 0<t<Tco
P,CO(f) = { (P — 47) - <c3>'fmp) : (C?T) Teo <1< Tth }
0, t> Tth

OzﬂuXLB(l‘) = Q(l) . (1 — SF)
: (CepOZ(Z) - me02([ - dv))

O(1) = Qo - [1 4 0.572(%COHD(1))]

If Qp is not measured by the investigators then
regression equations (Egs. C.3 or C.4) are used to
estimate Q.

CepOZ(l‘) = Oszep(l) + So, - PepOQ(l)

OZHbep(t) :fodc(PepOZ(t): PSO(I)v n([)v Cmaxep(t))

[See section ““Special Functions™ (F.1) for descrip-
tion of fyqcl

Pey 02 (1) = PAOx(1)
PAOs(1) = CAOx(7) - Py
Pso(1) = 50.4219[1 + exp{0.0215(%COHb(7))}] "
n(1) = 1.7493 + 0.5909[exp{—0.025(%COHb(1))}]

%4 COHb(f) = (100 : COHb(t))

02 Hbmax

COHb(1) = C,:CO(1) — (Sco - ParCO(1))

Cmaxep(l) = OyHbpyax — COHbep(t)
O2Hbmax = KO:(CHgb)

COHbyp(1) = CepCO(1) — (Sco - PepCO(1))

CepCO(1) = CnyCO(t — dy) + (COﬂuXLB(Z)>

(1—SF)-Q(1)
CimxCO(7) = COHbpx (1) + (Sco - PmxCO(7))

[See section “Mixed Venous Blood Compartment,
(mx)” for definition of COHDb,,.(7)]

COfluxLB(t)
= [PACO — 0.5(PeyCO(1) + Py CO(t — d))] - DLCO

PACO(f) = CACO(1) - Py

) (St

P, CO(1) = <

Lung ( End-Capillary) Compartment, (ec)
CCCOZ(I) = SF- meoz(t —dy)+ (1 - SF) . CepOZ(l)

O2Hbec(t) :.deC(PBCOZ(t)7 P50<l‘), n(t)a Cmaxec(t))

[See section ““Special Functions™ (F.1) for descrip-
tion of fuq4c)

PO (1) :fimp(SOz, Craxec(1), Pso(2),1(2), CecOa (1))

[See section ““Special Functions™ (F.3) for descrip-
tion of fimp]

Cmaxec(t) = OZHbmax - COHbec(t)

COHbec(l) = Cecco(l) —Sco - PcCCO(l)

CecCO(1) = CyCO(1 — dy) + %’33(0
_ (PecOa(2) COHb,(?)
PoCO(r) — ( o > | (OszeC(o)

Arterial Blood Compartment, (ar)

VD2 - (€03(0) ~ Cu0(0) - 01) (B3)
O~ (cucor - cuco(n) -0 (B4



428 ERUPAKA et al.

Auxiliary Equations for Arterial Blood Compartment

Par02(l) :fimp(sop Cmaxar(l)7 PSO([>» n(t), Car02<l))

[See section ““Special Functions™ (F.3) for descrip-
tion of fimp]

Chaxar (1) = OaHbyax — COHb(¢)

OZHbar(t) :fodc(ParOZ(t)v PSO(I); n(t)v Cmaxar(t))

[See section “Special Functions™ (F.1) for descrip-
tion of fyqc]

P,.CO(r) = (P”O2(’)) . (COHb(t))

My Oszar(l)

Var = 0.25(Vy — Vom — Viot)

Skeletal Muscle Compartment

Skeletal Muscle Tissue Compartment 1, (m;)

deOz(t) . Flux ., Oz(l‘)

dt Vi
D0 - (C,05(1) = C&,05(1))
+
DXITI
Mleog(l)
- B.5
7 (B.5)
de1CO(l) _ FluxmlCO(Z)
dt o Vi
D;,CO - (C1,CO(r) — C4,,CO(r))
_l’_
Dxm
(B.6)
Skeletal Muscle Tissue compartment 2, (m5)
deQOQ(l) . FIUszoz(l)
dt o Vo
D,0: - (C4,05(1) = C4,0(1))
* W
Dy - ( m2/le>
MRmZOQ(t)
- B.7
v (B.7)

dCmpCO(1)  FluxyyCO(7)
dt a Vina

D,,CO - (Cf,,CO(r) — C1,CO(1))
Dy - (VmZ/le)

(B.8)

Skeletal Blood compartment 1, (bm;)
deV]OQ(l‘)
ml——

Vo dt
= Qm(l) . (CarOQ(l) — Cm\,lOz(t)) — OQFIUXml(l‘)
(B.9)
dCy1 CO(1)
Vom
bml T
= Qm(1) - (CarCO(1) — Ciny1 CO(7)) — COFluxpy (7)
(B.10)
Skeletal Blood compartment 2, (bm;):
dev202(t)
Vo0
= Qm(l> : (CmVIOZ(l) - Cmv2o2(l)) - OZFlume(l>
(B.11)
dCinyvaCO(1)
Vemp—————=
bm2 di
= O (1) - (Cay1 CO(1) — Cimy2CO(1)) — COFluxpma(7)
(B.12)
Skeletal Blood compartment 3, (bms):
deV302(t)
Vemz——————=
bm3 T
= On (1) - (C202(1) — Cimy301(7)) — O2Fluxpms (1)
(B.13)
dCimny3CO(1)
me3T
= Om(t) - (Coy2CO(t) — Ciyy3CO(¢)) — COFluxp3(¢)
(B.14)
Auxiliary Equations for Skeletal Tissue
Compartment 1, m;
Vil = Fvm + Vi
MRuOs = (MRyO,) - — !
ml\Y2 — m\2 le T sz
MR,0,
—1.21 (MleOZ' Vlm +MRam02' Vam+MleO2' Vlm)
0
MR Os(1) = (MRnO») Vit )
ml\Y2 — m\J2 le T sz

' ( Pmloz(l) )
KnOr + Pmloz(l)
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Fluxmloz(t) = O Fluxy (l) + OzFluxm3(t)

Pm102(l) :ﬁmp(sozonMbmaxml ([)7P50m7 CmIOZ(Z)a le)

[See section “Special Functions™ (F.3) for descrip-
tion of fimp]

C?,05(t) = CriO2(1) — O2Mbyy (1)
C,CO(1) = Sco - PmiCO(1)

O>rMDbpaxmi ([) = CMbpax — COMDby (l)

64500 (Koz c )
= - CMbm

MBunax 17000\ 4

COMbml(l) = Cm1CO(l) — (SCO Pm1CO(l))

P CO(1) = (Pmloz(t)> . (COMbml(z)>

Mwm Oszml(l)

onbml(z):onbmxml(,),( P 0(1) )

Psom + P05 (1)
D, 0, = 600 - DO,
Flux;,1 CO(f) = COFluxy (1) + COFluxy;s(?)
D, CO = 0.75D,,0,
Cm102(1) = O3Mbyy (1) + So, - Prm102(1)

Cm1CO(1) = COMby (1) + Sco - P CO(1)

Auxiliary Equations for Skeletal Tissue
Compartment 2, m,

Vi = (1 — va) Vi

Vm2
le + Vm2

MRyOy = (MR, O3) -
Flux;;, O, (I) = O, Flux» (l)
Flux,CO(f) = COFluxma(?)

C?,05(1) = Cpp01(1) — O2Mbyy (1)

m2

C?,CO(t) = Sco - PmCO(1)

All other equations are similar to those of skeletal
tissue compartment 1.

Auxiliary Equations for Skeletal Blood Compartment 1,
(bm;)

O, Fluxy (Z) = Dbmloz(l) . (PalmOQ(l) — Pm]OZ(l))

Palmoz(t) = fgetPavg (O2Hbmaxml (t)7 mel ) P50(l), n(t),
leavOZ(t)7 SOpParOZ(I); PmVIOZ(I))

[See section ““Special Functions™ (F.5) for descrip-
tion Off;getPan]

O,Hbmaxmi (t) = O,Hbpax — COHb([)
leavOZ(Z) = 0~5(Car02([> + CmVIOZ(l>)
Om (1) = Omo - [1 +0.572(%COHDb(1))]

QmO = (leg ’ Vlm) + (Qamg : Vam) + (thg ’ Vtm)
Vemt = Fym * Vom
Vem = volfracy, - Vi

[Piy1O2(1), O2Hbypyy (1))
:fgetPOz (O2Hby (1), Pso(2), n(t), O2Hbmaxmi1 (),
SOgv ParOZ(t)7 an(l))

[See section ““Special Functions™ (F.4) for descrip-
tion of fgepo,]

. PSmloz(l) . So2 - Vit

Dbm  0:(1) = 1.04
PSmlOZ(I) = PSmav_rest - Qm(t)
QmO
COFluxml(t) = Dbm1CO(t) . (PalmCO(Z) — Pm1CO(l))
. Dbmloz(l)
Dbm1CO([) = Dy CO <Dbm202(l)

PimCO(1) = 0.5(P,CO(t) + Py CO(1))

Pancot) = (20) - (i)

COHmel(I) = CmV1CO(I) - (SCO . PmV1CO(l))

Auxiliary Equations for Skeletal Blood
Compartment 2, (bm;)

OzFlllez(l) = DbnO, l) . (PanOZ(Z) — szoz(l))

me2 = (1 - va) . me

PS10,(¢) - So, - V,
Dbmzoz(l): m2 2(1)04 0, m2
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(1
PSmZOZ(t) - PSmcap_rcst . Qm_()

QmO
COFluxmg(t) = DmeCO(t) . (PaszO(Z) — Pm2CO([))
DmeCO(I) = Dy CO

All other equations are similar to those of skeletal
blood compartment 1.

Auxiliary Equations for Skeletal Blood
Compartment 3, (bmj)
O, Fluxp3(7) = DbyzO0s(1) + (PasmO2(f) — P O2(1))
Vbm3 = Dbym_on * Vbmi
Dby30:(1) = Dby O2(t) - Dovm_on
COFluxp3(f) = Dpm3CO(?) - (Pa3mCO(2) — Py CO(1))

Dbm302(t)>

Dpm3CO(t) = DM CO -
bm3 ( ) M (Dbmzoz(t)

All other equations are similar to those of skeletal
blood compartment 1.

Cardiac Muscle Compartment

Cardiac Muscle Tissue Compartment 1, (¢;)

dCe10a(1) _ Fluxe Os(1) +D’Coz - [C405 (1) — €4 04(1)]

dt Vel Dy
MRCIO2([)
- B.1
Vo (B.15)
dC.;CO(t)  Flux, CO(7)
dt o Ve
D.CO - [C4CO(1) -~ ChCO(1)]
+
DXC
(B.16)
Cardiac Muscle Tissue Compartment 2, (c5)
dC6202(l) . Fluxczoz(l)
dt N Vo
D0 - (C405(1) — CHO(1))
+ V.
Dxc : ( cz/VC]>
_ MR0,(1) (B.17)
Vc2

dCoCO(1)  FluxaCO(1)
dt B Ve
 DICO- (C4€O() — CheO(n)

Dy - (VCZ/V01>

(B.18)

Cardiac Blood compartment 1, (bc;)

deOz(t)
VbCIT
= Qc(1) - (CarO2(t) — Cey102(2)) — Oz Fluxc (2)
(B.19)
dCe 1 CO(t
Vbcl ldl ( )
= 0c(1) - (CorCO(1) — Cey1 CO(1)) — COFlux; (1)
(B.20)
Cardiac Blood compartment 2, (bc,)
deOz(t)
Veer—————=
be2 —di
= QC(I) : (Ccv102(t) - Ccvzoz(f)) - OzFluxcz(t)
(B.21)
dC2CO(1)
Ve 7
= 0c(t) - (C1CO(2) — CenCO(1)) — COFluxs(7)
(B.22)
Cardiac Blood compartment 3, (c3)
dCCV302(l‘)
VbC3T
= 0c(1) - (Ce204(t) — Cey301(2)) — O2Fluxes(7)
(B.23)
dCey3CO(2)
Vie
be3 i
= Qc(1) - (CeyaCO(1) — Cey3CO(1)) — COFluxcs (1)
(B.24)

Auxiliary Equations Cardiac Tissue Compartment 1, ¢;

Vcl = FVC . VC
Vcl
MR, Oy = (MR.Oy) - ————
cl\V2 ( c 2) Vc]"‘VcZ
M. -V,
MR.0O, =1.21
o ( 100p )
46.6
e (D

V.
MRCIOZ(I) == (MRCOZ) . <I/1-:l[/2>
C C

. ( Pcloz(l) >
K.O; + Pcloz(t)
Fluxc1 Oy(f) = OsFlux (1) + Oz Fluxcs(¢)

PCIOZ(I) :fimp(SOy OZMbmaxcl (t)a PSOcv
Ce101(2), Ver)
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[See section ““Special Functions™ (F.3) for descrip-

tion of fimp]

C?,05(1) = CeOx(1) — O2Mbg (1)
C4CO(1) = Sco - P CO(r)
O2Mbmaxc1 (t) = CMbmaxc — COMbg, (t)
64500 ( Ko,
CMbmaxc = 17000( 4 ' CMbc)
COMb (1) = CCO(1) — (Sco - PeiCO(1))
P.10x(1) COMby (1)
P, CO(¢) = .
cl (t) < My OszCl )

02 Mby (1) = 0sMbyyer (1) - (—PSOC 12;(02 0 )>
D.0; = 600 - DO,
Flux,; CO(¢) = COFlux, (¢) + COFluxg;(¢)
D.CO = 0.75D,0,
C102(1) = OaMbg; (2) + So, - Pe10a(1)
C1CO(1) = COMby (1) + Sco - P CO(7)

Auxiliary Equations Cardiac Tissue Compartment 2, c;

ch = (1 - FVC) . Vc

MR,0, = (MR.O») %

CgQOz([) 0202([) - Oszcz(l)

C9,CO(t) = Sco - P CO(?)
FIUXCQOZ([) = O2Flux02( )
Flux,CO(¢) = COFluxe (1)

All other equations are similar to those of cardiac
tissue compartment 1.

Auxiliary Equations Cardiac Blood Compartment 1, bc,;

= Dbe10:(7) - (Pa1cO2(1) — Pe1O2(1))
:fgetPavg(OZHbmaxcl(l) C1>P50(Z)7n( )
CclaVOZ(t)asOpParO2( )7Pcv102(t))

OzFluxcl (l)
Palco2(t)

[See section ““Special Functions™ (F.5) for descrip-

tion Offgetl)avg]

Oszmaxcl (l) = OZHbmax — COHb(l)
CclavOZ(l) = O-S(CarOZ(l) + CCVIOZ(Z))
Oc(1) = O - [1 +0.572(%COHDb(1))]
. ([2.18(HR) — 273
QCO - ( 100 Vc
Vbcl = Fvc ' Vbc

Vb, = volfrac, - V.
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[Pey102(1), O2Hbyy (1))
= feetPO, (Ozﬂbdr(l),Pso(l),

ParOZ( ) ( ))

[See section ““Special Functions™ (F.4) for descrip-

tion of feetpo,]

n(t), O2Hbmaxcl (t)a SOz’

PScloz( ) So2 - Ve

DbCIOZ( )

1.04
N
PSclO2(t) = PScav_resl : Q( )
QCO
COFlux¢| (¢) = Dbe;CO(7) - (P41cCO(1) — P, CO(1))

Db CO(7) = D.CO(7) - (gﬁigig D

Db,0x(1)
DCCO(I DM CO - (m

) =

P.1cCO(1) = 0.5(PoyCO(7) + Pey; CO(1))
(1)
)=

w102(7) COHbyy (7)
PchCO t < ) . (Oszcvl (t)
COHb,, (¢ cmco( ) — (Sco - Pey1 CO(1))

Auxiliary Equations Cardiac Blood
Compartment 2, bc,

OzF]uxcz( ) = Db, 202 . (Pazc02(l) — PCQOZ(I))

Voea = (1 = Fye) - Ve
PS.,0 So, - Ve
Dbczoz( ) 2 2(1)04 O, * 2
PSC202(I) = Sccap _rest * QC( )
QcO
COF]UXcz(l) = DbC2CO(Z) . (Paz(;CO(Z) — Pc2CO(l))
Db, CO(t) = D,CO(¢)

All other equations are similar to those of cardiac
blood compartment 1.

Auxiliary Equations Cardiac Blood
Compartment 3, bcs

O,Fluxg;(7) = Dbez05(1) - (Pa3cO2(1)
Vbe3 = Dbve_on * Vel
Db30,(f) = Dbye_on - Dbe1 O2(1)
COFluxc3(f) = Dpe3sCO(1) - (Pa3cCO(2)

Dbe;CO(t) = D.CO(1) - (%)

— P1Ox(1))

— P, CO(1))

All other equations are similar to those of cardiac
blood compartment 1.
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Other Tissue Compartment, (ot)

Votd(jOtTct)Z(l) = Ozﬂuxot(l) — MROtOZ (B25)
VOtdC‘%[O(Z) = COfluxy (1) (B.26)

Auxiliary Equations for Other Tissue ( Nonmuscle)
Compartment

MRyOy = MRO; — (MR, O3 + MR.O,)
O, fluxy (1) = [Pol_avgoz(t) - PotOz(Z)] - Dby O,
Pot_avg02 (1) = foinv (02Hby( (1), Pso(1), n(t),
Craxot (1))

[See section “Special Functions™ (F.2) for descrip-
tion of fyiny]

O,Hb,(7) = 0.5(02Hby,(£) + O2Hbyot (1))

dO,Hby (t
Totth() + O3Hbyoq (1) = O2Hbyorun (1)

[PyotO2(7), O2Hbyotun (7)]
= fuetp0, (02 Hbye (), Pso (£), 1(), Conaxor (£), So,
Paro2(l)a Qot(l))

[See section “Special Functions™ (F.4) for descrip-
tion OffgetPOZ]

Cmaxot(t) = OZHbmax - COHbvot(t)

‘Cotdc%];vot(t) + COHbvot(Z) = COHbVOtun(I)
COHbyouun (1) = CarCO(1) — Sco - Pyoi CO(1)
_ COfluxa(1)
Qot(l)

Ooi(t) = O(1) — (Om(1) + Oc(1))

~ (PyotOa(1) COHby (1)
Pucol) = (“5220) - (G imes)
COfluxey(1) = DborCO - (PooiCO(7) — PoCO(1))

Db, CO = D\ CO - (9)

Volo
Vol - Vm : <Vm0)
PpotCO(7) = 0.5(P,CO(f) + Pyot CO(1))
CoO2(1)
So2
Cvot02(l) = ontOZ(Z) ! SOz

Poto2([) =

CotCO(1)

Sco
Cvotco(t) = ontCO(l) “Sco
o Vbot

Qot(l)

Viot = Volfracy - Vo

POtCO(l) -

Tot

Mixed Venous Blood compartment, (mx)

medc%?z(l) = Q(l) : (me_ino2(t) - meo2(l))
(B.27)
dCynxCO(1)
Vor— g,
= 0(1) - (Cmx_inCO(1) — CnxCO(1)) (B.28)
Auxiliary Equations for Mixed Venous
Compartment
me_in02<l)
B (0alt) (Omlt)
= Cvoto2([) ( Q([) > + Cmv302<l) <Q(t) )
Oc(1)
+Ca0al) (Qm)
Vl'IlX
Tmx = =
o(1)

Vinx = 0.75 - (Vo — Vom — Vbot)
PmXOZ(Z)
:fimp<soz7 Cmaxmx(Oa P50(l), n(l)a meOZ(t); me)

[See section “Special Functions™ (F.3) for descrip-
tion of fimp]

Cmaxmx<l) = OZHbmaX - COHbmx(Z)

_ ) Qoi(1)
COHbyuy (1) = COHbyoy(1) ( S0 )

On(1)
+ COHme3(l) . Q([) >
_ 0.(1) Veo
+ COHbyy3(1) (Q(t)) + (—Q(I)>
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pusco() = (P=0:1) (SOl

OZHbmx(I) :fodc(meO2(Z)a PSO(Z), ”(t), Cmaxmx(t))

[See section ““Special Functions™ (F.1) for descrip-
tion of fuq4c)

Cmx_inCO(1)
— .0l CO(1) - (Q?‘(l)> + Ci3CO(1) - (Qf“(t)>
0(1)

Special Functions

Jode : O2Hb = fo4c (PO, Pso, 11, Crnax) (F.1)

fode calculates concentration of O, bound to hemo-
globin, O,Hb (oxyhemoglobin), from the oxygen
dissociation curve (ODC) of Hb as O;Hb =

)

) (1 + (0.25+ (%) ) ) where
n (};_(5)5) 50

the values specified for Cy,x (Maximum concentration
of Hb bound to O, excluding the Hb bound to CO),
Psy (Partial pressure of oxygen at 50% of Hb satura-
tion), and n (Hill exponent for Hb) represent the vas-
cular compartment of interest and are all functions of
%COHD(7) (See Appendix B, section “Lung (Alveolar
(L) and End-Pulmonary (ep)) Compartments’’). The
second term in brackets applies only when n > 1.1.

Cmax :

fpinv : PO2 :fpinv(OZHb7 PSOvna Cmax) (FZ)

Jpinv calculates blood PO, (Partial pressure of oxy-
gen) corresponding to a given oxyhemoglobin content

y O,Hb
as P 02 = P50 . (Cmax — Osz
specified for C.x, Pso, and n represent the vascular
compartment of interest and are all functions of
%COHD(t) (See Appendix B, section “Lung (Alveolar (L)

and End-Pulmonary (ep)) Compartments™). If P'O, <
20 Torr, then PO, = PO, (1)

1
P* 3
1+ 0.25+<5 02)
P

Otherwise, PO, = P*O-.

1
) where the values

fimp : POZ(PbiOz orP;0,) =

Simp (S02, Cinax(Conans; 01 0sMbyasi) s P505 115 C05 (G5 01 C0) )
(F.3)

fimp 1s an ACSL operator which finds an implicit
solution to a nonlinear algebraic equation involving a
single unknown variable (in our case, blood (Py,;O2(7))
or tissue (P,O,(7)) partial pressure of oxygen). The
algebraic expression solved implements the concept
that the total concentration of O, (Co,) in a given
compartment (blood or tissue) equals to the concen-
tration of O, dissolved and the concentration of O,
bound to heme protein (Hb or Mb) in that compart-
ment. These expressions are:

For blood compartment “bi”’at time “t”:

(PbiOZ([))n([)
P50([)

n(t)
PyiOa(1)
1+ ()

(PpiOa(1) - So,) + | Crmaxbi(?) -

— Cbioz(t) =0

where Py,O1(1), CpiO2() are the PO, and O, concen-
tration in the blood compartment ‘1’
For tissue compartment “ti’" at time “t”:

(PiOx(2) - So, - Vi)

+ (Oszmax (1) Vi - [#lfigz(l)b
= (CiOa(1) - V) =0

where, P;iO,(7), CijO2 (1) are the PO, and O, concen-
tration in the tissue compartment i’

Seetpo, [PO,,0,HDb] =

Seetpo, (O2Hbyiny, Pso, 71, O2Hbimax, So,, Poin) O2, 0)
(F.4)

Jeetro, calculates PpiOs(t) and O,Hbyi(t) in the
venous outflow from blood subcompartments of
muscle compartment, with inflowing blood described
by Pyin)O> and O,Hb;,, while accounting for tissue
exchange of oxygen with blood, oxygen combined with
Hb, and oxygen dissolved in plasma. Two (total O,
content, Haldane equation) simultaneous algebraic
equations of PO, are solved iteratively under the
constraint that change in total oxygen content of the
blood, multiplied by blood flow, must equal the blood-
to-tissue oxygen flux (predetermined on the basis of
mean partial pressure gradients). Q; is the blood flow
to the compartment i.



434 ERUPAKA et al.

Total O, content:

P02 n
C Coz(mux) : (P—50>
0, = + So, - POy;

h T P02>n
14 (=2
(Pso

Haldane equation:

My - PCO _ PO,

COHb ~ O;Hb

A gradient search method is used. The iterations
terminate when a solution for PO, is reached within
the limits of a specified tolerance (0.01 Torr). An error
flag is set if the maximum iteration number (10,000) is
reached. O,HbD is calculated from the determined PO,
using the f,4. function.

fgetPavg : Pavgi = féetPavg(O2Hbmaxi; Vbi, Pso, n, CiayO2,
So,, Pp(i-1)02, Pri03) (F.5)

Jectpave Calculates average vascular PO,, P,,i(7), in
the blood subcompartments of the tissue. P,y(?) is the
partial pressure of O, corresponding to the concentra-
tion of O,, C;,yO(7), halfway between the inlet (sub-
script “1 — 17’) and outlet (subscript ““i””) concentrations
of the vascular subcompartment ‘i’. P,.4(f) takes into
account O dissolved as well as O, bound to hemoglo-
bin. A dichotomous search method is used to determine
Pavei(?). Vb is the volume of blood in compartment i.

APPENDIX C: PARAMETER ESTIMATES BASED
ON REGRESSION EQUATIONS!

This section contains the regression equations used in
the model to estimate certain parameter values, when
those values are not reported in the experimental studies.

Volume of muscle tissue, V,, (mL):

Vi = [1000(0.244 BW + 7.80 HT + 6.6G

—0.098 4 — 3.3)]/1.04 S

Vin_obese = (Vm — 8706.9)/0.805

BW = Body Weight in kg; HT = Height in cm;
G = 0: Female; 1: Male; A = Age in years

Volume of leg muscle tissue, V,, (ml):

For Male, Vi, = 0.4663(Vi);

(C.1.1)
For Female, Vi, = 0.4953(V)
Volume of arm muscle tissue, V,,, (ml):
For Male, Vyy, = (0.1564 % Vp,); (C12)

For Female, V,, = (0.1396 * V)

"Egs. (C.3) to (C.4) and Eq. (C.6) are used to estimate parameter
values only when their values are not provided by the experimental
study being simulated.

Volume of trunk muscle tissue, V,,, (ml).

For Male, Vi = (0.3773 % Viy);

(C.1.3)
For Female, Vi, = (0.3651 % V)
Total body volume of blood, V;, (mL):
-1
BMI
Vo =70( | s (C.2)
22(HT)

ta_IB
BMIp — (delfTW> 242

BMI

B]\/H:Biw/2
(HT)

Cardiac Output, Qy (Ljmin):

Qo = (54.1 +7.9G) - BW + 1400 —200- G (C.3)
During exercise;
Qo = 3.186 + 7.346(MRO,) — 0.535(MRO,)* (C.4)

MRO, = Total Body Metabolic Rate in STPD, L/
min

The changes in cardiac output (Q) with CO exposure
were implemented in our previous model.® Our objec-
tive in this study was to simulate changes in O in
response to physical activity. In order to account for
change in cardiac output with physical activity, we
developed a predictive equation for estimating cardiac
output, 0, as a function of total body oxygen con-
sumption, MRO,. Rest and exercise data for cardiac
output and MRO, from various published
papers®*618:21343772 fr6m human subjects are shown
in Fig. 14. The developed prediction equation, based on
a nonlinear, least squares polynomial fit, is Eq. (C.4).
Cardiac output was measured either by dye dilution,
transthoracic electric bioimpedance, or Fick’s method.
The data were obtained from healthy, non-smoking,
untrained individual subjects. As shown in Fig. 14,
cardiac output reaches a plateau as maximal body O,
consumption is reached. Eq. (C.3) was used in simula-
tion of Burge and Skinner'' and Eq. (C.4) was not used
in any of the simulations of the manuscript.

Percent change in Cardiac Output with CO exposure:

%AQ = 0.572 ( %COHDb) (C.5)
Heart Rate, HR (beats/min):
HR=42.819 +68.884( MRO,) —8.26(MRO,)* (C.6)
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FIGURE 14. Cardiac output (Q) vs. body oxygen consum?tion
(MRO,). The data (O) used to build the relationship2:18:21:34.37.72
and the regression line. The regression equation is given by
Q=3.186 +7.346(MRO,) - 0.535(MRO,)?. See Appendix C for
details.
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FIGURE 15. Heart rate (HR) vs. body oxygen consumption
(MRO,). The data (O) used to build the relationship.'***% The
regression equation is given by HR=42.819 +68.884( MRO,) -
8.26 (MRO,)2. See Appendix C for details.

In our enhanced model, MBF and MOC for the
cardiac compartment were estimated from heart rate.
In order to develop a predictive equation for estimat-
ing HR, we collected data from the literature'*>* for
HR and total body metabolic rate of human subjects
during rest and exercise. The polynomial fit to exper-
imental data (Fig. 15) is Eq. (C.6). In most of our
simulations, HR was provided to us by the investiga-
tors. However, in experiments where heart rate was not
measured, it was estimated from the prediction equa-
tion. An heart rate of 66 beats/min was assumed for
simulations”'! when M RO, was not measured.

Myocardial Blood Flow, MBF (mL min~' g~'):
MBF = 2.18(HR) — 27.3 (C.7)

Myocardial Oxygen Consumption, MOC (mL min~"

g ')

46.
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