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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 (PcO2) 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 PcO2 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 PcO2’s than
skeletal muscle. CO exposure during exercise further
decreases PcO2 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-
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INTRODUCTION

The major deleterious effect of carbon monoxide
(CO) exposure is a decrease in oxygen (O2) delivery to
the tissues. CO-induced hypoxia can have profound
effects on cerebral and myocardial oxygenation,
resulting in neurological and cardiovascular injury.
The neurological sequelae (headache, dizziness,

confusion, nausea, loss of consciousness, and memory
deficits) are well known.15,85 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.2,17,26,36,47,62,74,78,87 Myocardial injury in CO-poi-
soned victims,26,47,74,87 was indicated by the presence
of elevated cardiac injury biomarkers, e.g., troponin I,
b-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.17,26,50,62 Observations of decreased left
ventricular ejection fraction and right ventricular dys-
function after CO exposure imply myocardial dys-
function in these CO-poisoned patients.26,47,74 The
severity and duration of myocardial injury depend on
the duration and amount of CO exposure.66 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.36,62,87 There is also evidence that workers who
are chronically exposed to CO have an increased risk
for cardiovascular morbidity and mortality.50,53,77

In our previous modeling studies, Bruce and
Bruce9,10 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 results9,10 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
%HbCO. In our recent modeling study8 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% O2 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.42 Because the
heart is a rapidly contracting muscle with a high O2

extraction fraction, it is very sensitive to O2 depriva-
tion.41 High MbCO levels during CO washout on
room air or 100% O2 could contribute to significant
hypoxia in the myocardium. Thus, analyzing the tem-
poral changes in HbCO, MbCO, and PcO2 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 O2 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 model9

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 upgraded8 by subdividing the single lumped
muscle compartment into two communicating sub-
compartments (m1, m2) so that intra-tissue diffusion of
gases (O2 and CO) and arterio-venous shunting could
be taken into account. The new model described herein
(see Methods, Fig. 1a) 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 O2 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 O2 tension and myocardial
CO load (%MbCO), which are more direct indicators
of myocardial O2 availability, are difficult to measure
noninvasively.8 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 O2

and CO Exchange

The model used in the current study is an expansion
of our previous model.8 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 O2 mass bal-
ance equations were written for all compartments
(Eqs. B.1–B.28, Appendix B). CO and O2 entering
through the lungs are transported via the major
arteries of the arterial blood compartment to the vas-
cular compartments of skeletal muscle (bm1, bm2,
bm3), cardiac muscle (bc1, bc2, bc3), and non-muscle
tissue (bot). CO and O2 then diffuse into the tissue
compartments (m1, m2, c1, c2, ot), driven by pressure
gradients. Determining the partial pressures of O2 and
CO, and O2 flux in each blood compartment of the
model is done by solving the oxyhemoglobin dissoci-
ation curve, Haldane’s equation, and blood-to-tissue
O2 flux equations, at each time step using an iterative
approach (see section ‘‘Special Functions’’, Appendix
B).8 The Haldane equation describes the competition
of CO and O2 for hemoglobin (Hb) and Mb binding
sites.9 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 model9 (see
auxiliary equations in Appendix B).

Cardiac Compartment Structure and Parameter
Estimation

Like skeletal muscle,8 the cardiac compartment of
the model comprises three vascular subcompartments
(bc1, bc2, bc3) and two cardiac tissue subcompartments
(c1, c2) (Fig. 1b). The concept of the two compartment
model was introduced to allow diffusion of O2 within
the tissue and to implement indirect arterio-venous
shunting. The tissue subcompartment, c1 (20% of
cardiac tissue volume, Vc), is envisioned as tissue per-
fused extensively by small arterioles and venules in
vascular subcompartments bc1 and bc3 as well as by
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capillaries. The tissue subcompartment, c2 (80% of
cardiac tissue volume, Vc), is assumed to be perfused
mostly by capillaries in vascular subcompartment bc2.

The volumes of the tissue subcompartments, Vc1 and
Vc2, and the volumes of the vascular subcompart-
ments, Vbc1, Vbc2, and Vbc3, were chosen after various
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FIGURE 1. (a) Model architecture. Overall structure of the model, which expands our previous model8 by adding a cardiac
compartment. The new model consists of six major compartments: lungs, arterial blood, mixed venous blood, non-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 (c1, c2) and three vascular subcompartments (bc1, bc2, bc3).
Arterial blood enters the vascular subcompartment bc1 as _Qc: Dotted double arrows indicate blood–tissue gaseous fluxes driven
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gases. For details about the calculation of fluxes see text and Appendix B. For symbols see Tables (A1)–(A2) of Appendix A.
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volume distributions were tested to optimize the model
predictions for myocardial blood and tissue O2 ten-
sions (Table 1). Model predictions for myocardial
tissue and blood O2 tensions were estimated for sim-
ulation conditions presented in Table 1 for multiple
values of relative volume, Fvc. The tested range of
relative volume (Fvc = Vc1/[Vc1 + Vc2]) was 0.1–0.9.
The value of Fvc = 0.2 was chosen based on visual fit
to the data of Table 1. The volume of the second
myocardial blood compartment, Vbc2, is 80% of the
total myocardial volume, Vbc. The remaining 20% of
the myocardial blood volume is distributed between
the first, bc1, and third, bc3, vascular subcompart-
ments. To account for arterial-venous diffusive
shunting through tissue compartment c1, we assumed
that Vbc3 is 9.5% (Dbvc_on) of Vbc1. 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 et al.48 agree with the model blood volume in
Vbc1 and Vbc2, respectively, when Fvc is 0.2.

The total myocardial metabolic rate, MRcO2, is
distributed between the two subcompartments in pro-
portion to their tissue volumes. The arterial blood,
with a partial pressure of O2, PaO2, flows into the first
vascular subcompartment, bc1. O2 in blood continu-
ously diffuses into the cardiac subcompartment c1
because O2 is being utilized by the tissue to meet its

O2 metabolic demand, MRc1O2. It is assumed that O2

diffuses from bc1 to c1 at a rate of O2fluxc1, which is the
product of the O2 diffusion coefficient, Dbc1O2, and O2

pressure difference (Eq. B.19, Appendix B). This phe-
nomenon establishes O2 concentrations of Cc1O2 and
Ccv1O2 in c1 and bc1 subcompartments, respectively. In
all tissue compartments containing Mb, O2 bound to
Mb is considered in addition to the dissolved O2 con-
centrations.8 O2 diffuses from vascular compartment
bc2 to tissue subcompartment c2 at a rate of O2fluxc2
with a diffusion coefficient of Dbc2O2. The metabolic
demand for O2, MRc2O2, of this tissue compartment is
met by diffusion of O2 from blood compartment bc2
and also by intra-tissue diffusion from the tissue
compartment, c1, where the intra-tissue diffusion
coefficient is D¢cO2. Diffusion of O2 establishes con-
centrations Cc2O2 and Ccv2O2 in the second tissue
and blood subcompartments, respectively. Based on
the pressure gradients established between c1 and bc3,
O2 diffuses between these compartments at a rate
of O2fluxc3, with a coefficient of Dbc3O2, (Dbvc_on Æ
Dbc1O2) resulting in concentration Ccv3O2 in bc3.
Because O2 diffusivity is similar in plasma and muscle
tissue,61 the model assumes that O2 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.)

TABLE 1. Experimental data for myocardial oxygen tensions.

Source Species PaO2 (Torr) PcvO2 (Torr) PcO2 (Torr) MBF (mL 100 g�1 min�1) MOC (mL 100 g�1 min�1)

20 Human 99 17.3 – 118 15
20 Human 42 15.7 – 167 17
23 Swine 359 – 112 ± 8.5 94 6.7
27 Dog 326 – 49/26 0.8 0.1
27 Rat 99 – 40/20 4.5 0.54
27 Rat 89 – 15/35 4.5 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
39 Dog 143 46 42 ± 7 0.8 0.1
40 Swine 150 – 30.3 ± 4.7 94 6.7
58 Dog 93.5 18.8 43/17 90 6.6
58 Dog 63.7 18.3 40/15 – –
60 Swine 150 – 42 ± 5.6 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

PcO2 = Myocardial tissue PO2.
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The effective blood to tissue conductance for O2

depends on the permeability-surface area product (PS)
of the tissue subcompartments c1 and c2 (PSc1O2,
PSc2O2), respectively. The PS for O2 for cardiac
muscle was estimated as 200 mL min�1 Torr�1 g�1 by
Li et al.57 For our model, best estimates for myocardial
tissue PO2 predictions were obtained when PSc1O2 and
PSc2O2 were 180 and 450 mL min�1 Torr�1 g�1,
respectively. Cladwell et al.12 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.8 The capillary density in cardiac muscle is
approximately 8 times that of skeletal muscle,32 thus
the mean diffusion distance for the cardiac compart-
ment was estimated as 0.0353 cm (0.1/�8).

Values for most of the parameters for our expanded
model were those used in and referenced in our pre-
vious publications.8,9 A regression equation for esti-
mation of blood volume was also included in the
model.56 In addition, predictive equations for estima-
tion of cardiac output3,4,6,18,21,34,37,72 _Q

� �
and heart

rate14,50,83 (HR) as a function of total body oxygen
consumption (MRO2) were also developed (Eqs. 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 compartment8

but differs in the values of physiological parameters.
Regression equations were developed for the estima-
tion of myocardial oxygen consumption30,43,44,49,65,67

(MOC) and myocardial blood flow54 (MBF) from
heart rate (Figs. 2 and 3). Parameter estimation,
development of predictive equations (MOC, MBF),
and validation of tissue O2 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
PO2 does not fall below 22 Torr22,64,84 at rest and does
not fall below 6 Torr during maximal exercise.
Richardson et al.,69,70 reported a PO2 of 3–5 Torr in
maximally exercising skeletal muscle, so we anticipated
that PO2 would be at least 6 Torr in the cardiac muscle
(as cardiac muscle has a higher capillary density, blood
flow and O2 consumption than skeletal muscle).
Choosing Fvc as 0.2 and PS as 180 mL min�1 Torr�1

g�1 (PSc1O2) and 450 mL min�1 Torr�1 g�1 (PSc2O2)
for the cardiac compartment guaranteed that the

model-estimated O2 tension fulfilled the assumptions
stated above for a range of healthy, normal subjects.

Predictive Equations

Prediction formulas were developed to estimate
MOC30,43,44,49,65,67 and MBF54 as functions of HR
based on rest and exercise data obtained from the lit-
erature. These experiments used the nitrous oxide
(N2O) method to measure MBF. However, the N2O
method was reported to under-estimate true blood
flow.73 Implementation of the prediction equation for
MBF based on the N2O method resulted in a mismatch
of supply and demand for O2 in the myocardium and
predicted tissue PO2 values that were too low. Thus, to
predict the MBF, data from Laaksonen et al.54 were
used. In their study, dynamic PET (Positron Emission
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Tomography) accompanied by intravenous injection of
labeled water ([15O] H2O) 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 N2O method by first recalcu-
lating the arterio-venous (a-v) difference of O2 content
as the ratio of measured MOC and measured
MBF,30,43,44,49,65,67,73 and then recalculating MBF
from the heart rates (Goodale and Hackel,30 Jorgensen
et al.,43 Jorgensen et al.,44 Kitamura et al.,49 Nelson
et al.,65 Regan et al.,67 Sapirstein and Ogden73) 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
investigators7,11,50 whose data we simulated, e.g.,
MRO2, HR, _Q (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 (Eqs. 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, e.g., Fvc and Dbvc_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, Fvc, Dbvc_on, dxc, and DMCO on the model
predictions of myocardial tissue PO2 (Pc1O2, Pc2O2)
and coronary venous PO2 (PcvO2).

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 et al.50, age: 22 years;
height: 1.8 m; weight: 69.5 kg; _Q: 6.68 L/min; MRO2:
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 (Pm1O2,
Pm2O2) tissue O2 tensions at the baseline steady-state
are 31, 18, 40.5, and 27 Torr in c1, c2, m1, and m2,
respectively. The baseline steady-state PcvO2 and skel-
etal muscle venous (PmvO2) PO2’s are 20 and 29 Torr,
respectively. When a sensitivity analysis was performed
it was found that the myocardial tissue and vascular O2

tensions are most sensitive to MOC, MBF, Fvc, and
PS. The tissue O2 tensions varied in direct proportion
with changes in MBF and PS and in inverse propor-
tion with MOC and Fvc. Model predictions for coro-
nary venous PO2’s were most sensitive to changes in
MOC and MBF. The effects of Dbvc_on and dxc on the
vascular and tissue O2 tensions are negligible. The
sensitivity of model predictions to DMCO has been
discussed in our previous models.8–10

An increase in PS by 50% of its baseline steady-
state value (Table A4, Appendix A) resulted in an
increase in steady-state O2 tensions of the c1 and c2
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 O2

tensions by 46.8% in c1 and 39.7% in c2. Model pre-
dictions of myocardial O2 tensions in the subcom-
partments are sensitive to PSc1O2 in the range of 100–
500 mL min�1 Torr�1 g�1 and to PSc2O2 in the range
of 300–1300 mL min�1 Torr�1 g�1 (Figs. 4a, 4b). A
change in Fvc from 0.2 to 0.1 resulted in an increase in
cardiac tissue PO2’s by 27% (c1) and 8.3% (c2) from
their baseline steady-state values.

An increase in Fvc from 0.2 to 0.3 decreased the
steady-state myocardial tissue O2 tensions by 16.8 and
7% in c1 and c2 subcompartments, respectively. Thus,
an increase in Fvc causes the O2 tensions in the myo-
cardial subcompartments to decrease. Also, changes in
Fvc have a greater effect on the model predictions of O2

tensions of the first subcompartment than those of the
second subcompartment (Figs. 4a, 4b).

Estimation ofMBF is sensitive to the slope (m) of the
regression equation MBF = mHR � C (see Fig. 2).
Figure 4c shows that increasing the slope, m, of the
regression relation to estimate MBF as a function of
HR increases the tissue and vascular O2 tensions. Also,
there may be variability in the estimated MBF at higher
levels ofHR (Fig. 2), which may influence the predicted
O2 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 Pc1O2, Pc2O2, and PcvO2 to
17.9, 10.9, and 13.5 Torr, respectively, and a decrease
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(�5% variation in MBF) in Pc1O2, Pc2O2, and PcvO2 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 + {c/HR}b]) + d. Estimation of MOC is sensitive
to changes in parameter ‘c’ 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 c = 122.7
(a = 56.3, b = 4.85, d = 9.76). Fixing the value of c at
110 and fitting a curve (a = 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 aHR

of 77 beats/min (Fig. 4d). An 11% decrease in MOC
increased myocardial coronary venous and tissue PO2’s
by 12% (cv), 16.7% (c1), and 12.2% (c2), respectively.

Simulation Software

ACSLTM 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
PO2’s. Most of the data were obtained from studies on
anesthetized animals, but myocardial PO2 values
were also available from studies involving human
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TABLE 2. Effect of variation in MBF on myocardial tissue
and venous O2 tensions.

DMBF% Pc1O2 (Torr) Pc2O2 (Torr) PcvO2 (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 24.1 15.1 17.9

35 29.0 18.5 20.6

DMBF = Variation in MBF.
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subjects.20,22,64 The myocardial O2 tensions in the lit-
erature were usually reported as histograms or as mean
values with standard deviations. We considered the
mean PO2 of the upper half of a histogram (above the
mean value) or the reported mean PO2 plus one stan-
dard deviation as the O2 tension of myocardial sub-
compartment c1. The mean PO2 corresponding to the
lower half of the histogram (below the mean value) or
the reported mean PO2 minus one standard deviation
was considered to be the O2 tension of myocardial
subcompartment c2.When average O2 tensions were the
only values reported, PO2’s< 22 Torr in normoxia
were considered to be measured in c2. Also, the site of
measurement of PO2 was taken into consideration, i.e.,
when the measuring electrode was close to an arteriole
or capillary, the PO2 was assumed to represent c1 or c2,
respectively. The PO2 of the third vascular subcom-
partment of the cardiac compartment, bc3, (i.e., the
blood leaving the heart compartment), was compared to
coronary venous PO2 reported in the experimental data.

Predicted PO2’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
O2 in the simulations were set equal to the reported
experimental values and ventilation was adjusted to
achieve the reported experimental arterial PO2 (PaO2)
in the steady state. Arterial PO2’s for hypoxia ranged
from 27 to 89 Torr. Normoxic arterial PO2’s were
considered in the range of 90–103 Torr. Arterial PO2’s
for hyperoxia ranged from 121 to 468 Torr. For all
simulations the volume distribution fraction, Fvc, was
0.2 and PS values for the first and second cardiac tissue
compartments were 180 and 450 mL min�1 Torr�1

g�1, 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 PO2’s)
with experimentally measured values. In Fig. 5a, the
model-predicted PO2’s for myocardial tissue subcom-
partment 1 (Pc1O2) are slight overestimates of the
experimental data. The model predictions for sub-
compartment 2 (Pc2O2) myocardial tissue O2 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 O2 tensions, the model closely
represents the trends in the data. As seen in Fig. 5c, the
model predictions of coronary venous O2 tensions
(PcvO2) fit variations in the experimental coronary
venous PO2 for a wide range of arterial PO2 (27–
468 Torr). Thus, the model predicts physiologically
reasonable myocardial tissue and vascular O2 tensions
over a wide range of arterial PO2 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 O2 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 et al.7 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 O2

consumption (233 mL/min) and the diffusion coeffi-
cient for CO were from our previous model.8 MBF
and MOC were estimated from the prediction equa-
tions developed (see Methods or Eqs. 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 O2

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 (%MbCOm1, %MbCOm2) and myocardial
tissue (%MbCOc1, %MbCOc2) are shown in Figs. 6b
and 6c. As shown in Fig. 6, the MbCO levels 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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(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 O2 tension drops by 16.5% in the
first subcompartment (m1) and by 23.9% in the second
subcompartment (m2) at the end of CO exposure. In
contrast, the myocardial O2 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
PO2’s are still 2–3 Torr below their pre-exposure levels.
The tissue O2 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 O2 tensions of skeletal
and myocardial tissue are better correlated with peak
MbCO levels than with the decreasing HbCO levels.

Simulation of CO Rebreathing in Hyperoxia

Burge and Skinner11 conducted CO rebreathing
experiments in hyperoxia to estimate total blood vol-
ume. Subjects in this study rebreathed 60–70 mL of

CO in ‡99% O2 for 40 min. Subject-specific parameter
values for their subject 28–10 were provided by the
investigators (Table A3, Appendix A).11 Estimates for
other unknown parameters were obtained from pre-
dictive equations in this study (Appendix C) and also
from our previous models.8–10 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 O2 tensions are high
due to breathing of ‡99% O2.

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.66 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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HbCO 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 h)—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 et al.7 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% O2 for 480 min were simulated. Since MbCO
levels and PO2 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% O2 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 m1 and m2,
respectively, after end of the CO exposure) as well as
cardiac muscle (~1 and ~3 min in c1 and c2, 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

(MbCOm1) and myocardial (MbCOc1) muscle tissues
peak at higher levels during hyperoxia than during
room air washout in the first subcompartments,
whereas in the second subcompartments the MbCO
(MbCOm2, MbCOc2) levels peak at higher levels dur-
ing room air washout than during hyperoxia. In
hyperoxia, %MbCO 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.8–10 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
m1 (Pm1O2) and m2 (Pm2O2) during CO exposure and
washout in room air. After the end of the short
(10 min) CO exposure in room air, Pm1O2 decreases by
32.3% from its pre-CO exposure state. In the second
subcompartment the tissue PO2 decreases by 43.8%
from its pre-CO exposure state. Figures 10b and 10d
show the cardiac muscle tissue PO2’s in c1 (Pc1O2) and
c2 (Pc2O2) during CO exposure and washout in room
air. After exposure to 6462 ppm CO for 10 min in
room air, Pc1O2 decreases by 42.2% from its pre-CO
exposure state. There is also a large decrease (67.2%)
in Pc2O2 by the end of the short CO exposure. At the
end of the 480 min room air washout session, tissue O2
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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 PO2’s are high due to
breathing ~100% O2.

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% O2. 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
MbCO 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% O2.

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 PO2’s in m1 and m2 decreased by
35.4% and 46.7%, respectively, from their pre-CO
exposure values. Myocardial tissue PO2 in c1 decreased
by 44.9% from its pre-CO exposure state. There is also
a large decrease of 66.7% in the tissue PO2 of c2 by the
end of long CO exposure. The low tissue O2 tensions of
skeletal and cardiac muscle are correlated with the
peak MbCO and HbCO levels.

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
MbCO 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 PO2’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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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% O2 administration).

The data presented in Fig. 10 demonstrate that at
rest, O2 tensions are greater in skeletal muscle than in
myocardial tissue. At the end of CO exposure in room
air, the decreases in O2 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 O2 deprived than the first
subcompartments and that tissue PO2 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 O2 ten-
sions of the skeletal and myocardial tissue do not reach
the pre-exposure values. Finally, the low tissue O2

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 O2

during hypoxic stress and exercise, in the presence of
MbCO oxygen availability is reduced.5,70 In such
conditions injury to any exercising muscle, especially
the heart, may be severe due to impaired O2 delivery
and temporary unavailability of O2 stores accompa-
nied by increased O2 consumption.

Kizakevitch et al.50 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
(Savg) obtained from the investigators50 were used for
the simulations (Table A3, Appendix A). TheMRO2 at
rest for the baseline and 20% HbCO simulation is
180 mL/min. The three exercise sessions for the 2%
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HbCO and 20% HbCO had MRO2 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 O2 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 O2 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 O2 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 PO2 are difficult to measure in
CO-poisoned patients. The main objective of this study
was to develop a validated model for predicting time
varying O2 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 O2

demand.8,30,32,43,44,49,65,67 In addition, unlike skeletal
muscle, cardiac muscle works constantly. Thus, in
contrast to our previous models8–10 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 O2

and CO diffusion. By so doing, we assume subcom-
partment c1 to be nearer to the proximal end of arterial
supply with entering arterioles, capillaries and exiting
venules. Subcompartment c2 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.5,33 The MbCO levels and tissue PO2’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,8 the amount of experimental data
available for validating the myocardial model with two
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subcompartments is limited (Table 1). Although
absolute values of predicted tissue PO2’s differ some-
what from experimental measurements (Fig. 5), pre-
dicted changes in these values relative to changes in
arterial PO2 agree reasonably with the data.

Increase in work load of the heart would result
in increased O2 demand and supply to the
heart.30,43,44,49,65,67 Alterations 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 O2 in times of
impaired O2 delivery.12 In the model, the effect of

vasodilatation and capillary recruitment on blood–tis-
sue gas exchange was implemented by increasingPS as a
linear function of increases in blood flow to the heart.

In cases where investigators did not measure blood
volume in their experiments,50 blood volume was
estimated for individual subjects by means of a
regression equation reported in the literature.56

Simulation Findings

After validating our model, we analyzed the pre-
dicted temporal changes in HbCO levels, MbCO levels,
and tissue O2 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
MbCO levels with changes in tissue O2 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,25,36,50 we also
looked for the correlation of HbCO and MbCO levels
with tissue O2 tensions during room air and 100% O2

breathing following CO exposures.
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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%
O2 (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.
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Myocardium Compared to Skeletal Muscle

Under all of the simulation conditions, the cardiac
tissue shows higher MbCO levels and lower tissue O2

tensions than skeletal muscle. These findings are con-
sistent with the fact that cardiac muscle has a higher O2

consumption per gram than resting skeletal muscle,
although the higher blood flow and capillary density in
myocardium partially compensate for its higher O2

demand. A critical issue is whether the levels of tissue
PO2’s predicted in the myocardium represent a
potentially injurious limitation of O2 availability.
When PO2’s in myocardial mitochondria drop below
1-2 Torr, oxidative phosphorylation will be impaired,
resulting in decreased ATP production.41,71 We con-
sider a model prediction of tissue PO2 < 1 Torr to be
indicative of potential hypoxic injury.86 The lowest
predicted myocardial tissue PO2 occurs at the end of
the third stage of moderate exercise (E3, Fig. 13). With
2% HbCO, Pc2O2 in E3 is well above this threshold for
hypoxic injury, but with 20%HbCO Pc2O2 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.57 At the
onset of an increase in O2 demand due to exercise,
temporary O2 deprivation could result because of the
reduced storage of O2 by Mb in the presence of

MbCO. Temporary impairment of O2 delivery to the
tissue, together with a decrease in MbO2 due to an
increase in MbCO, could contribute to the observed
abnormalities in the ECG and ventricular wall motion
in CO poisoned victims.50 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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FIGURE 13. Predicted oxygen tensions during treadmill exercise with 2% HbCO (*) and 20% HbCO (s) levels in blood. (a, b) Show
the myocardial oxygen tension in tissue subcompartments 1 and 2 (Pc1O2, Pc2O2) during rest (R, and three different stages of exercise
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(PmvO2) oxygen tensions for R, E1, E2, E3. Parameter values for these simulations are given in Table A3 of Appendix A.

ERUPAKA et al.418



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 O2

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 O2 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).8 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 PO2’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 PO2’s to adjust so that O2 flux driven by
partial pressure gradients will eventually supply ade-
quate O2 to the tissues.

Washout on Room Air Compared to Washout
on 100% O2

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.25,36,50 In our
simulations, MbCO levels in the muscle tissue reached
their highest levels during washout on 100% O2 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% O2 vs. room air
(Figs. 9, 11). The sharp increases in MbCO levels
during washout on 100% O2 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% O2, the
drop in HbCO is faster due to the higher PaO2. 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 O2 tensions were high because O2

delivery was enhanced both by the increase in available
HbO2 and by an increase in dissolved O2 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% HbCO. Results (Fig. 13) show that exercise
decreases the tissue and blood O2 tensions in both
cardiac and skeletal muscle. Blood and tissue PO2’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 MBF to increase.
Increased MBF increases the CO delivery to the heart
and MbCO levels rise. Also, increased myocardial O2

consumption adds to the prevailing O2 deficit in the
tissue due to CO induced hypoxia. Increased MbCO
levels result in decreased MbO2 levels in the tissue;
thus, less O2 reserve (MbO2) is available to buffer any
further increase in myocardial O2 consumption until
the blood supply to the heart increases. In addition,
Mb facilitated diffusion probably contributes to tissue
oxygenation over a range of O2 metabolic demand,5,86

but this effect has not been implemented in the model.
The model prediction of lower myocardial blood and
tissue O2 tensions during exercise in the presence of CO
supports the observations of increased risk of cardiac
injury in a working population exposed to CO.50,53,77

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,43,49,65 blood
pressure was not available for the data sets we
used.7,11,50 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 O2 consumption
(Eqs. 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 models5,12 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.23,40 Also, most of the data available were
from anesthetized animals and the type of anesthesia
can have a significant effect.1,8 Reported values may
have a 10–15% error58 due to O2 consumption by the
electrodes, diffusion of O2 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 O2 tension are invasive
and insertion of electrodes could have caused damage
and bleeding, thereby possibly altering the measured
O2 tensions. As shown in Fig. 5c, model estimates for
myocardial vasculature PO2 correlate well with the
experimental coronary venous PO2. The high degree of
reproducibility of experimental coronary venous O2

tension measurements makes the process of validation
easier. On the other hand, the high degree of variability
in measurements of myocardial tissue O2 tension
makes the validation of model predictions of tissue
PO2’s difficult. The predicted myocardial tissue PO2’s
are in agreement with other models5,31 that utilized a
single heart compartment or a distributed (finite-ele-
ment) model. The predicted capillary blood PO2 values

were also in agreement with mean values reported in
Takahashi and Doi.80

Concerns Related to Available Experimental Data

In this model, heart rate is required for estimation
of myocardial O2 consumption and blood flow. In the
experimental data provided by Benignus et al.7 and
Burge and Skinner,11 heart rate and total body O2

consumption information were not available. An
average whole-body metabolic rate of 0.0032 mL g�1

min�1 was assumed for all the subjects.8–10 Total body
O2 consumption, heart rate, myocardial O2 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 (DLCO) and the pul-
monary shunt fraction (SF) are assumed to be con-
stants. Zavorsky et al.88 have reported changes in
DLCO with varying exercise intensity. In addition, the
shunt fraction is reported to increase with increases in
exercise intensity.59,79

Effects of H+, CO2, and Lactate

The effects of carbon dioxide (CO2) 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 O2

might have influenced our model predictions during
hypoxia (used during model validation). To examine
this issue, we used the polynomial fit equation for
calculating P50 of Hb (P50_Hb) proposed by Dash and
Bassingthwaighte.19 The P50_Hb was calculated in
conditions of normoxia and hypoxia (FIO2 = 0.08 and
0.06) for the venous measurements of PCO2 and pH
reported by Zhu et al.92 The calculated P50_Hb values
during normoxia and the two levels of hypoxic hypoxia
were 24.7, 24.9, and 25.5 Torr, respectively. Because
the difference in P50_Hb 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 PCO2 and blood lactate concentra-
tion remain near their resting values during exercise at
levels below the lactic acid threshold51 (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.50 Koike et al., reported the total body
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O2 consumption at the LAT (MRO2,L) in human
subjects (mean age 32.8 years) for no CO exposure and
for 20% HbCO.51 TheMRO2,L was 2.26 ± 0.72 L/min
for 0% HbCO and 1.75 ± 0.4 L/min for 20%
HbCO51. In our simulations MRO2 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 O2 consumption well below the LAT as
reported by Koike et al.51

During exercise, pH decreases and lactate concen-
tration in skeletal muscle tissue increases.13,24 Both
factors can alter the P50 of Mb (P50_Mb).

28,75 The
lowest pH reported in human skeletal muscle when
exercising to fatigue is ~6.5.45,57 The consequences of
changes in pH and lactate concentration on the oxy-
myoglobin dissociation curve have been determined by
assessing their effects on the P50_Mb.

28,75 For intracel-
lular pH values of 6.5, 7.0, or 7.5, the P50_Mb 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 PO2’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.28 Lactate concentration in resting skeletal
muscle fibers is ~2.5 mM, and it can increase to 10 mM
in mild to moderate exercise.13,24 In fatiguing exercise,
muscle lactate concentration may rise to 30–40 mM.13

Increasing lactate concentration 4-fold from 2.5 to
10.0 mM causes P50_Mb to increase by 38%,28 or from
2.32 to 3.20 Torr in our model. We repeated the sim-
ulations of exercise using P50_Mb equal to 10 and found
that predicted tissue PO2’s (in both transient and
steady state) differed by only tenths of a Torr from
those determined with P50_Mb = 2.32. This result is
reasonable because the flux of O2 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 P50_Mb 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 P50_Mb 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 6.8.63 An abrupt change in pH is adjusted
rapidly (‘‘within minutes’’)55 in cardiac myocytes by

cardiac-specific isoforms of four transporters, carbonic
anhydrase, the lactic acid transporter proteins MCT1
and MCT4,46 and by gap junctions. The heart metab-
olizes lactate rapidly even at rest, and exercise at 40%
of VO2max does not increase myocardial lactate pro-
duction.76 A 4-fold increase in myocardial MRO2

(more than the increase which occurs in our simula-
tions) is predicted to increase myocardial lactate level
from ~3 to ~6 mmol.90 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.16 In addition, simu-
lation studies have demonstrated that increased
hydrolysis of ATP in the myocardium activates mul-
tiple pathways to support oxidative metabolism.52,90,91

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.35,89 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, O2 consumption, capillary density, and O2 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 O2 demand. Accordingly, most of the predictive
equations for determining blood flow and O2 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 O2 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, (ii) 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 O2 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 muscle9 that hyperoxic therapy causes an ini-
tial rapid increase in MbCO; however, tissue PO2 levels
rise during this time because of the simultaneous rise in
PaO2. The most serious consequence of an elevated
cardiac MbCO may be the diminution of O2 reserve in
the tissue, with the consequence that local O2 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 atMRO2

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

CkO2 Concentration of O2 in compartment ‘k’ mL/mL

CkCO Concentration of CO in compartment ‘k’ mL/mL

COHbk Concentration of CO bound to Hb (HbCO) in compartment ‘k’ mL/mL

COMbk Concentration of CO bound to Mb (MbCO) in compartment ‘k’ mL/mL

MRkO2 Metabolic rate of O2 in compartment ‘k’ mL/g

O2Hbk Concentration of O2 bound to hemoglobin (Hb) in compartment ‘k’ mL/mL

O2Mbk Concentration of O2 bound to myoglobin (Mb) in compartment ‘k’ mL/mL

PkO2 Partial pressure of O2 in compartment ‘k’ Torr

PkCO Partial pressure of CO in compartment ‘k’ Torr
_Qk Blood flow to compartment ‘k’ mL/g

Vk Volume in compartment ‘k’ mL

‘k’ Description of subscript ‘k’

A Alveolar compartment of lungs

ar arterial compartment

bc1 blood compartment 1 of cardiac muscle tissue

bc2 blood compartment. 2 of cardiac muscle tissue

bc3 or cv blood compartment 3 of cardiac muscle tissue

bm1 blood compartment 1 of skeletal muscle tissue

bm2 blood compartment 2 of skeletal muscle tissue

bm3 or mv blood compartment 3 of skeletal muscle tissue

bot total blood compartment of other tissue

c cardiac muscle tissue compartment

c1 cardiac tissue compartment 1

c2 cardiac tissue compartment 2

ep end pulmonary compartment of lungs

ec end capillary compartment of lungs

I Inspired gas

m skeletal muscle tissue compartment
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TABLE A1. continued.

‘k’ Description of subscript ‘k’

m1 skeletal muscle tissue compartment 1

m2 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

DkO2, DkCO Diffusion capacity of O2 or CO in tissue compartment ‘k’ (mL min�1 Torr�1)

DLO2, DLCO lung diffusion capacity for O2, CO

DMCO muscle diffusion capacity for CO

Dbkg Diffusion coefficient of gas ‘g’ (O2 or CO) from blood compartment ‘k’ to tissue

compartment (mL min�1 Torr�1)

Dbc1O2, Dbc1CO blood (bc1) to cardiac tissue (c1)

Dbc2O2, Dbc2CO blood (bc2) to cardiac tissue (c2

Dbc3O2, Dbc3CO blood (bc3) to cardiac tissue (c1)

Dbm1O2, Dbm1CO blood (bm1) to muscle tissue (m1)

Dbm2O2, Dbm2CO blood (bm2) to muscle tissue (m2)

Dbm3O2, Dbm3CO blood (bm3) to muscle tissue (m1)

DbotO2, DbotCO blood (bot) to other tissue (ot)

D¢kg Intratissue diffusion coefficient of gas ‘g’ (O2 or CO) in compartment ‘k’ (mL min�1 Torr�1)

D¢cO2, D¢cCO in cardiac subcompartments; c1, c2

D¢mO2, D¢mCO in muscle subcompartments; m1, m2

PSsO2 Permeability surface area product of O2 for vasculature in compartment ‘s’ (mL min�1 Torr�1)

PSc1O2 for arterioles/venules in cardiac compartment, c1 (PScav_restO2 is the initial value)

PSc2O2 for capillaries in cardiac compartment, c2 (PSccap_restO2 is the initial value)

PSm1O2 for arterioles/venules in muscle compartment, m1 (PSmav_restO2 is the initial value)

PSm2O2 for capillaries in muscle compartment, m2 (PSmcap_restO2 is the initial value)

TABLE A3. Definitions of symbols and subject-specific values used in simulation of experiments of Benignus et al.7; Burge
et al.,11 Kizakevich et al.50 (— Indicates ‘‘not applicable’’).

Parameter Description

Subject 120

of Ref. 7

Subject 2

of Ref. 11

Subject Savg
a

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

CHgb 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

COb0pc Initial %HbCO level in blood 0.7 2.15 2 none

COm0pc Initial %MbCO level in tissue 0.7 2.15 2 none

COppm* Concentration of CO during exposure 6683 13,200 – ppm

COtemp Temperature during CO exposure 296 296 296 �Kelvin

DLCO Lung diffusion coefficient for CO 29 30 29 mL min�1 Torr�1

DMCO Blood to tissue diffusion coefficient of muscle8–10 7 4.5 5 mL min�1 Torr�1

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

O2INFLOW O2 supply to rebreathing circuit – 230 – mL/min

ParO2i Arterial PO2 for initial condition 100 640 100 Torr

PBi Barometric pressure for initial condition 760 760 760 Torr

PmO2i Tissue PO2 for initial condition 21 50 21 Torr

T i End of model initialization time 11.9 11.9 12 min

TCO Begin time of CO exposure 12 12 – min

TE1* Begin time of exercise stage 1, E1 – – 17 min

TE2* Begin time of exercise stage 2, E2 – – 22 min

TE3* 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.

Parameter Description

Subject 120

of Ref. 7

Subject 2

of Ref. 11

Subject Savg
a

of Ref. 50 Units

FIO2-T i Fractional inspired O2 before T i 0.208 1 0.208 none

FIO2-Tco Fractional inspired O2 after TCO 0.208 1 0.208 none

FIO2-Tth* Fractional inspired O2 after Tth 0.208 – – none

HRT i HR (heart rate) before T i 66 66 73 beats/min

HRTco HR after TCO 66 66 73 beats/min

HRTE1 HR after TE1 – – 84.5 beats/min

HRTE2 HR after TE2 – – 98 beats/min

HRTE3 HR after TE3 – – 116 beats/min

HRTth HR after Tth 66 – – beats/min

MRT iO2 MRO2 (total body metabolic rate) before T i 233 224.85 180.5 mL/min

MRTcoO2 MRO2 after TCO 233 224.85 180.5 mL/min

MRTE1O2 MRO2 after TE1 – – 505.15 mL/min

MRTE2O2 MRO2 after TE2 – – 690.59 mL/min

MRTE3O2 MRO2 after TE3 – – 931.48 mL/min

MRTthO2 MRO2 after Tth 233 – – mL/min
_QT i

_Q(cardiac output) before Ti 5800 Eq. (C.3) 6775 mL/min
_QT co

_Q after TCO 5800 Eq. (C.3) 6775 mL/min
_QTE1

_Q after TE1 – – 11290 mL/min
_QTE2

_Q after TE2 – – 13415 mL/min
_QTE3

_Q after TE3 – – 15570 mL/min
_QTth

_Q after Tth 5800 – – mL/min

Vbperkg Volume of blood per kg of BW 60.935 66.24 Eq. (C.2) mL/kg
_VTi Ventilation before T i (t £ T i) 5500 6000 3164 mL/min
_VT co Ventilation after TCO (TCO £ t £ Tth) 5500 0 3164 mL/min
_VTE1

Ventilation after TE1 – – 8860 mL/min
_VTE2

Ventilation after TE2 – – 10472 mL/min
_VTE3

Ventilation after TE3 – – 12111 mL/min
_VT th Ventilation after Tth (Tth £ t £ Tend) 6633 – – mL/min

VL Lung volume 2500 1500b 2500 mL

aSee text in Results section ‘‘Effects of CO exposure during Exercise’’ of the manuscript.
bIncreases 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%O2), long-low CO exposure (RA, 100%O2), and exercise at

20%HbCO.

TABLE A4. Parameters and their default values.

Parameter Description and references Value, units

q Density of muscle9 tissue 1.04, g/cm3

CMbc Concentration of Mb in cardiac muscle tissue42 0.0023, g/mL

CMbm Concentration of Mb in skeletal muscle tissue9 0.0047, g/mL

Dbvm_on Ratio of Dbm3O2 (t) and Dbm1O2 (t)8 0.075, none

Dbvc_on Ratio of Dbc3O2 (t) and Dbc1O2 (t)a 0.095, none

DO2
Diffusion coefficient of O2

9 0.0006, mL min�1 Torr�1

DbotO2 Diffusion coefficient of O2 from blood to other tissue (nonmuscle) compartment 7.5, mL min�1 Torr�1

dxm Mean intercapillary distance in skeletal muscle9 0.1, cm

dxc Mean intercapillary distance in cardiac musclea 0.0353, cm

Fvc Cardiac muscle tissue volume distribution fractiona 0.2, none

Fvm Skeletal muscle tissue volume distribution fraction8 0.4, none

KO2
Oxygen capacity of Hb9 1.38, mL O2/gHb

KcO2 PO2 at which MRcO2 decreases by 50%9 0.2, Torr

KmO2 PO2 at which MRmO2 decreases by 50%9 0.5, Torr

MH Haldane affinity ratio for hemoglobin (Hb)9 218, none

MM Haldane affinity ratio for myoglobin (Mb)9 36, none

MRamO2 O2 consumption of arm muscles8 0.0014*, mL min�1 g�1

MRlmO2 O2 consumption of leg muscles8 0.002*, mL min�1 g�1
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TABLE A4. continued.

Parameter Description and references Value, units

MRtmO2 O2 consumption of trunk muscles8 0.002*, mL min�1 g�1

P50Mbm, P50Mbc Partial pressure of oxygen at 50% of Mb saturation9 in skeletal (m)

and cardiac (c) muscle

2.32, Torr

PB Barometric pressure 760, Torr

PScav_restO2 Permeability surface area product of O2 for arterioles/venulesa in cardiac muscle 180, mL min�1 Torr�1 g�1

PSccap_restO2 Permeability surface area product of O2 for capillariesa in cardiac muscle 450, mL min�1 Torr�1 g�1

PSmav_restO2 Permeability surface area product of O2 for arterioles/venules8 in skeletal muscle 37.5, mL min�1 Torr�1 g�1

PSmcap_restO2 Permeability surface area product of O2 for capillaries8 in skeletal muscle 37.5, mL min�1 Torr�1 g�1

_Qamg Blood flow of arm muscles8 0.021, mL min�1 g�1

_Qlmg Blood flow of leg muscles8 0.03, mL min�1 g�1

_Qtmg Blood flow of trunk muscles8 0.03, mL min�1 g�1

SCO Solubility of CO in plasma9 2.35 9 10�5, mL mL�1 Torr�1

SO2
Solubility of O2 in plasma9 3.14 9 10�5, mL mL�1 Torr�1

SF Pulmonary shunt fraction9 0.02, none
_VA Alveolar minute ventilation 5500, mL/min
_VCO Endogenous CO production9 7, ll/min

Vc Volume of heart68 254(M),180(F), mL

Viv Volume of intra-ventricular septum68 64(M), 49(F), mL

Vlv Volume of left ventricle68 94(M), 67(F), mL

Vm0 Normal volume of muscle tissue for 70-kg man9 29.1, L

Volfracc Fraction of volume of cardiac muscle compartment attributed to blood48 0.1161, mL/g

Volfracm Fraction of volume of skeletal muscle compartment attributed to blood9 0.035, mL/g

Volfracot Fraction of volume of other tissue compartment attributed to blood9 0.035, mL/g

Vot0 Normal volume of nonmuscle tissue for 70-kg man9 9.6, L

aSee 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 valuesa.

Variables Initial value

CAO2 CAO2 ¼
ParO2i

PBi

CACO

CACO ¼ ParCO

PBi
; ParCO ¼ ParO2i � COb0

MH � HbO2ð Þ ; COb0 ¼ COb0pc � O2Hbmax

100

� �
;

HbO2 ¼ O2Hbmax � COHbð Þ � Pð Þn

1þ Pð Þn
� �

; P ¼ ParO2i

P50
CarO2 CarO2 ¼ HbO2 þ ParO2i � SO2

ð Þ

CarCO CarCO = COb0

Cm1O2

Cm1O2 ¼ PmO2i � SO2
þO2Mb; O2Mb ¼ CMbmax m � COm0ð Þ � Pmð Þn

1þ Pmð Þn
� �

;

CmO2 ¼ Cm1O2; COm0 ¼ COm0pc � CMbmax

100

� �

Cm1CO

Cm1CO ¼ PmCO � SCO þ COm; PmCO0 ¼ PmO2i � COm

MM �O2Mb

� �

COm ¼
COm0 � CMbmax m

100
; Pm ¼

PmO2i

P50m
; CmCO ¼ Cm1CO

Cm2O2 Cm2O2 = CmO2

Cm2CO Cm2CO = CmCO

Cmv1O2 Cmv1O2 ¼ HbO2 þ SO2
� ParO2ið Þ � MRm1O2

_Qm

� �

Cmv1CO Cmv1CO = COb0

Cmv2O2 Cmv2O2 ¼ Cmv1O2 � MRm2O2
_Qm

� �

Cmv2CO Cmv2CO = COb0

Cmv3O2 Cmv3O2 ¼ Cmv2O2 � 0:5 � MRm2O2
_Qm

� �

Cmv3CO Cmv3CO = COb0

Cc1O2 Cc1O2 = CmO2

Cc1CO Cc1CO = CmCO

Cc2O2 Cc2O2 = CmO2
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TABLE A5. Continued.

Variables Initial value

Cc2CO Cc2CO = CmCO

Ccv1O2 Ccv1O2 ¼ HbO2 þ SO2
� ParO2ið Þ � MRc1O2

_Qc

� �

Ccv1CO Ccv1CO = COb0

Ccv2O2 Ccv2O2 ¼ Ccv1O2 � MRc2O2
_Qc

� �

Ccv2CO Ccv2CO = COb0

Ccv3O2 Ccv3O2 ¼ Ccv2O2 � 0:5 � MRc2O2
_Qc

� �

Ccv3CO Ccv3CO = COb0

CotO2

PotO2 � SO2
; PotO2 0 ¼ fpinv HbO2vot0;p50;n;C maxotð Þ

HbO2vot0 ¼ HbO2 �
MRotO2

_Qot

� �

CotCO CotCO ¼ PmCO � SCO

CmxO2 CmxO2 ¼ HbO2 � 1:1 MRO2
_Q

� �

CmxCO CmxCO = COb0 + (SCO Æ PmxCO)

PmxCO ¼ _Qm
_Q
� PmvCO

� �
þ _Qc

_Q
� PcvCO

� �
þ _Qot

_Q
� PvotCO

� �

aInitial 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 O2 (CkO2) and CO (CkCO) for different subjects, whose responses
were simulated using values from Table A3.

Variables Subject 120 of Ref. 7a Subject 2 of Ref. 11b Subject Savg of Ref. 50c

CAO2 0.153 0.976 0.136

CACO 3.08 9 10�6 3.14910�5 9.06910�6

CepO2 0.197 0.204 0.192

CepCO 1.47 9 10�3 3.61910�3 4.11910�3

CecO2 0.196 0.203 0.191

CecCO 1.47910�3 3.61910�3 4.11910�3

CarO2 0.196 0.203 0.191

CarCO 1.47910�3 3.61910�3 4.11910�3

CotO2 9.28910�4 9.15910�4 1.85 910�3

CotCO 6.76910�8 8.16910�7 1.89 910�7

CvotO2 0.155 0.141 0.169

CvotCO 1.47910�3 3.62 910�3 4.11910�3

Cm1O2 0.007 0.007 0.007

Cm1CO 2.41910�5 1.26910�4 7.91910�5

Cm2O2 0.006 0.006 0.006

Cm2CO 2.97910�5 9.37910�5 9.54910�5

Cmv1O2 0.128 0.118 0.125

Cmv1CO 1.48910�3 3.61910�3 4.13910�3

Cmv2O2 0.101 0.105 0.101

Cmv2CO 1.49910�3 3.70910�3 4.17910�3

Cmv3O2 0.119 0.127 0.116

Cmv3CO 1.49910�3 3.71910�3 4.17910�3

Cc1O2 4.07910�3 6.22910�3 3.89910�3

Cc1CO 8.39910�6 3.64910�5 2.52910�5

Cc2O2 3.36910�3 3.47910�3 3.32910�3

Cc2CO 1.02910�5 2.73910�5 2.91 910�5

Ccv1O2 0.167 0.167 0.167

Ccv1CO 1.47910�3 3.61910�3 4.11910�3

Ccv2O2 0.067 0.068 0.076

Ccv2CO 1.47910�3 3.62910�3 4.11910�3

Ccv3O2 0.069 0.077 0.077

Ccv3CO 1.47910�3 3.62910�3 4.11910�3

CmxO2 0.147 0.138 0.159

CmxCO 1.47910�3 3.65910�3 4.11910�3

aResting, room air.
bResting, 100% O2.
cResting, room air.
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APPENDIX B: MASS BALANCE EQUATIONS

FOR OXYGEN (O2) AND CARBON MONOXIDE

(CO)

Lung (Alveolar (L) and End-Pulmonary (ep))
Compartments

VL
dCAO2ðtÞ

dt
¼ PIO2ðtÞ � PAO2ðtÞð Þ �

_VA

PB
�O2fluxLBðtÞ

ðB:1Þ

VL
dCACOðtÞ

dt
¼ PICOðtÞ � PACOðtÞð Þ �

_VA

PB

� COfluxLBðtÞ (B.2)

Auxiliary Equations for Lung Compartment

PIO2 ¼ FIO2 � PB � 47ð Þ � 310

COtemp

� �

PICOðtÞ ¼
0; 0� t<TCO

ðPB� 47Þ � 310
COtemp

� �
� COppm

106

� �
; TCO � t<Tth

0; t� Tth

8
<

:

9
=

;

O2fluxLBðtÞ ¼ _QðtÞ � 1� SFð Þ
� CepO2ðtÞ � CmxO2ðt� dvÞ
� �

_QðtÞ ¼ _Q0 � 1þ 0:572 %COHbðtÞð Þ½ �

If _Q0 is not measured by the investigators then
regression equations (Eqs. C.3 or C.4) are used to
estimate _Q0:

CepO2ðtÞ ¼ O2HbepðtÞ þ SO2
� PepO2ðtÞ

O2HbepðtÞ ¼ fodcðPepO2ðtÞ;P50ðtÞ; nðtÞ;CmaxepðtÞÞ

[See section ‘‘Special Functions’’ (F.1) for descrip-
tion of fodc]

PepO2ðtÞ ¼ PAO2ðtÞ

PAO2ðtÞ ¼ CAO2ðtÞ � PB

P50ðtÞ ¼ 50:4219 1þ exp 0:0215 %COHbðtÞð Þf g½ ��1

nðtÞ ¼ 1:7493þ 0:5909 exp �0:025 %COHbðtÞð Þf g½ �

%COHbðtÞ ¼ 100 � COHbðtÞ
O2Hbmax

� �

COHbðtÞ ¼ CarCOðtÞ � SCO � ParCOðtÞð Þ

CmaxepðtÞ ¼ O2Hbmax � COHbepðtÞ

O2Hbmax ¼ KO2
ðCHgbÞ

COHbepðtÞ ¼ CepCOðtÞ � SCO � PepCOðtÞ
� �

CepCOðtÞ ¼ CmxCOðt� dvÞ þ
COfluxLBðtÞ
ð1� SFÞ � _QðtÞ

 !

CmxCOðtÞ ¼ COHbmxðtÞ þ ðSCO � PmxCOðtÞÞ

[See section ‘‘Mixed Venous Blood Compartment,
(mx)’’ for definition of COHbmx(t)]

COfluxLBðtÞ
¼ PACO� 0:5 PepCOðtÞ þ PmxCOðt� dvÞ

� �� �
�DLCO

PACOðtÞ ¼ CACOðtÞ � PB

PepCOðtÞ ¼
PepO2ðtÞ

MH

� �
� COHbepðtÞ

O2HbepðtÞ

� �

Lung (End-Capillary) Compartment, (ec)

CecO2ðtÞ ¼ SF � CmxO2ðt� dvÞ þ ð1� SFÞ � CepO2ðtÞ

O2HbecðtÞ ¼ fodcðPecO2ðtÞ;P50ðtÞ; nðtÞ;CmaxecðtÞÞ

[See section ‘‘Special Functions’’ (F.1) for descrip-
tion of fodc]

PecO2ðtÞ ¼ fimpðSO2
;CmaxecðtÞ;P50ðtÞ; nðtÞ;CecO2ðtÞÞ

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

CmaxecðtÞ ¼ O2Hbmax � COHbecðtÞ

COHbecðtÞ ¼ CecCOðtÞ � SCO � PecCOðtÞ

CecCOðtÞ ¼ CmxCOðt� dvÞ þ
COfluxLBðtÞ

_QðtÞ

PecCOðtÞ ¼
PecO2ðtÞ
MH

� �
� COHbecðtÞ

O2HbecðtÞ

� �

Arterial Blood Compartment, (ar)

Var
dCarO2ðtÞ

dt
¼ CecO2ðtÞ � CarO2ðtÞð Þ � _QðtÞ ðB:3Þ

Var
dCarCOðtÞ

dt
¼ CecCOðtÞ � CarCOðtÞð Þ � _QðtÞ ðB:4Þ
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Auxiliary Equations for Arterial Blood Compartment

ParO2ðtÞ ¼ fimpðSO2
;CmaxarðtÞ;P50ðtÞ; nðtÞ;CarO2ðtÞÞ

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

CmaxarðtÞ ¼ O2Hbmax � COHbðtÞ

O2HbarðtÞ ¼ fodcðParO2ðtÞ;P50ðtÞ; nðtÞ;CmaxarðtÞÞ

[See section ‘‘Special Functions’’ (F.1) for descrip-
tion of fodc]

ParCOðtÞ ¼
ParO2ðtÞ
MH

� �
� COHbðtÞ

O2HbarðtÞ

� �

Var ¼ 0:25 Vb � Vbm � Vbotð Þ

Skeletal Muscle Compartment

Skeletal Muscle Tissue Compartment 1, (m1)

dCm1O2ðtÞ
dt

¼ Fluxm1O2ðtÞ
Vm1

þ
D
0
mO2 � Cd

m2O2ðtÞ � Cd
m1O2ðtÞ

� �

Dxm

�MRm1O2ðtÞ
Vm1

ðB:5Þ

dCm1COðtÞ
dt

¼ Fluxm1COðtÞ
Vm1

þ
D
0
mCO � Cd

m2COðtÞ � Cd
m1COðtÞ

� �

Dxm

ðB:6Þ

Skeletal Muscle Tissue compartment 2, (m2)

dCm2O2ðtÞ
dt

¼ Fluxm2O2ðtÞ
Vm2

þ
D
0
mO2 � Cd

m1O2ðtÞ � Cd
m2O2ðtÞ

� �

Dxm � Vm2=Vm1

� �

�MRm2O2ðtÞ
Vm2

ðB:7Þ

dCm2COðtÞ
dt

¼ Fluxm2COðtÞ
Vm2

þ
D
0

mCO � Cd
m1COðtÞ � Cd

m2COðtÞ
� �

Dxm � Vm2=Vm1

� �

ðB:8Þ

Skeletal Blood compartment 1, (bm1)

Vbm1
dCmv1O2ðtÞ

dt

¼ _QmðtÞ � CarO2ðtÞ � Cmv1O2ðtÞð Þ �O2Fluxm1ðtÞ
ðB:9Þ

Vbm1
dCmv1COðtÞ

dt
¼ _QmðtÞ � CarCOðtÞ � Cmv1COðtÞð Þ � COFluxm1ðtÞ

ðB:10Þ

Skeletal Blood compartment 2, (bm2):

Vbm2
dCmv2O2ðtÞ

dt

¼ _QmðtÞ � Cmv1O2ðtÞ � Cmv2O2ðtÞð Þ �O2Fluxm2ðtÞ
ðB:11Þ

Vbm2
dCmv2COðtÞ

dt

¼ _QmðtÞ � Cmv1COðtÞ � Cmv2COðtÞð Þ � COFluxm2ðtÞ
ðB:12Þ

Skeletal Blood compartment 3, (bm3):

Vbm3
dCmv3O2ðtÞ

dt

¼ _QmðtÞ � Cmv2O2ðtÞ � Cmv3O2ðtÞð Þ �O2Fluxm3ðtÞ
ðB:13Þ

Vbm3
dCmv3COðtÞ

dt

¼ _QmðtÞ � Cmv2COðtÞ � Cmv3COðtÞð Þ � COFluxm3ðtÞ
ðB:14Þ

Auxiliary Equations for Skeletal Tissue
Compartment 1, m1

Vm1 ¼ Fvm � Vm

MRm1O2 ¼ MRmO2ð Þ � Vm1

Vm1 þ Vm2

MRmO2

¼1:21 MRlmO2 �VlmþMRamO2 �VamþMRtmO2 �Vtm

q

� �

MRm1O2ðtÞ ¼ MRmO2ð Þ � Vm1

Vm1 þ Vm2

� �

� Pm1O2ðtÞ
KmO2 þ Pm1O2ðtÞ

� �
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Fluxm1O2ðtÞ ¼ O2Fluxm1ðtÞ þO2Fluxm3ðtÞ

Pm1O2ðtÞ¼ fimp SO2
;O2Mbmaxm1ðtÞ;P50m;Cm1O2ðtÞ;Vm1ð Þ

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

Cd
m1O2ðtÞ ¼ Cm1O2ðtÞ �O2Mbm1ðtÞ

Cd
m1COðtÞ ¼ SCO � Pm1COðtÞ

O2Mbmaxm1ðtÞ ¼ CMbmax � COMbm1ðtÞ

CMbmax ¼
64500

17000

KO2

4
� CMbm

� �

COMbm1ðtÞ ¼ Cm1COðtÞ � SCO � Pm1COðtÞð Þ

Pm1COðtÞ ¼
Pm1O2ðtÞ

MM

� �
� COMbm1ðtÞ

O2Mbm1ðtÞ

� �

O2Mbm1ðtÞ ¼ O2Mbmaxm1ðtÞ �
Pm1O2ðtÞ

P50m þ Pm1O2ðtÞ

� �

D
0

mO2 ¼ 600 �DO2

Fluxm1COðtÞ ¼ COFluxm1ðtÞ þ COFluxm3ðtÞ

D
0

mCO ¼ 0:75D
0

mO2

Cm1O2ðtÞ ¼ O2Mbm1ðtÞ þ SO2
� Pm1O2ðtÞ

Cm1COðtÞ ¼ COMbm1ðtÞ þ SCO � Pm1COðtÞ

Auxiliary Equations for Skeletal Tissue
Compartment 2, m2

Vm2 ¼ 1� Fvmð Þ � Vm

MRm2O2 ¼ MRmO2ð Þ � Vm2

Vm1 þ Vm2

Fluxm2O2ðtÞ ¼ O2Fluxm2ðtÞ

Fluxm2COðtÞ ¼ COFluxm2ðtÞ

Cd
m2O2ðtÞ ¼ Cm2O2ðtÞ �O2Mbm2ðtÞ

Cd
m2COðtÞ ¼ SCO � Pm2COðtÞ

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

Auxiliary Equations for Skeletal Blood Compartment 1,
(bm1)

O2Fluxm1ðtÞ ¼ Dbm1O2ðtÞ � Pa1mO2ðtÞ � Pm1O2ðtÞð Þ

Pa1mO2ðtÞ ¼ fgetPavg
�
O2Hbmaxm1ðtÞ;Vbm1;P50ðtÞ; nðtÞ;

Cm1avO2ðtÞ; SO2
;ParO2ðtÞ;Pmv1O2ðtÞ

�

[See section ‘‘Special Functions’’ (F.5) for descrip-
tion of fgetPavg]

O2Hbmaxm1ðtÞ ¼ O2Hbmax � COHbðtÞ

Cm1avO2ðtÞ ¼ 0:5 CarO2ðtÞ þ Cmv1O2ðtÞð Þ

_QmðtÞ ¼ _Qm0 � 1þ 0:572 %COHbðtÞð Þ½ �

_Qm0 ¼ _Qlmg � Vlm

� �
þ _Qamg � Vam

� �
þ _Qtmg � Vtm

� �

Vbm1 ¼ Fvm � Vbm

Vbm ¼ volfracm � Vm

Pmv1O2ðtÞ;O2Hbmv1ðtÞ½ �

¼ fgetPO2
ðO2HbarðtÞ;P50ðtÞ; nðtÞ;O2Hbmaxm1ðtÞ;

SO2
;ParO2ðtÞ; _QmðtÞÞ

[See section ‘‘Special Functions’’ (F.4) for descrip-
tion of fgetPO2

]

Dbm1O2ðtÞ ¼
PSm1O2ðtÞ � SO2

� Vm1

1:04

PSm1O2ðtÞ ¼ PSmav rest �
_QmðtÞ
_Qm0

COFluxm1ðtÞ ¼ Dbm1COðtÞ � Pa1mCOðtÞ � Pm1COðtÞð Þ

Dbm1COðtÞ ¼ DMCO � Dbm1O2ðtÞ
Dbm2O2ðtÞ

� �

Pa1mCOðtÞ ¼ 0:5 ParCOðtÞ þ Pmv1COðtÞð Þ

Pmv1COðtÞ ¼
Pmv1O2ðtÞ

MH

� �
� COHbmv1ðtÞ

O2Hbmv1ðtÞ

� �

COHbmv1ðtÞ ¼ Cmv1COðtÞ � SCO � Pmv1COðtÞð Þ

Auxiliary Equations for Skeletal Blood
Compartment 2, (bm2)

O2Fluxm2ðtÞ ¼ Dbm2O2ðtÞ � Pa2mO2ðtÞ � Pm2O2ðtÞð Þ
Vbm2 ¼ 1� Fvmð Þ � Vbm

Dbm2O2ðtÞ ¼
PSm2O2ðtÞ � SO2

� Vm2

1:04
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PSm2O2ðtÞ ¼ PSmcap rest �
_QmðtÞ
_Qm0

COFluxm2ðtÞ ¼ Dbm2COðtÞ � Pa2mCOðtÞ � Pm2COðtÞð Þ
Dbm2COðtÞ ¼ DMCO

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

Auxiliary Equations for Skeletal Blood
Compartment 3, (bm3)

O2Fluxm3ðtÞ ¼ Dbm3O2ðtÞ � Pa3mO2ðtÞ � Pm1O2ðtÞð Þ
Vbm3 ¼ Dbvm on � Vbm1

Dbm3O2ðtÞ ¼ Dbm1O2ðtÞ �Dbvm on

COFluxm3ðtÞ ¼ Dbm3COðtÞ � Pa3mCOðtÞ � Pm1COðtÞð Þ

Dbm3COðtÞ ¼ DMCO � Dbm3O2ðtÞ
Dbm2O2ðtÞ

� �

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

Cardiac Muscle Compartment

Cardiac Muscle Tissue Compartment 1, (c1)

dCc1O2ðtÞ
dt

¼Fluxc1O2ðtÞ
Vc1

þ
D
0
cO2 � Cd

c2O2ðtÞ�Cd
c1O2ðtÞ

� �

Dxc

�MRc1O2ðtÞ
Vc1

ðB:15Þ

dCc1COðtÞ
dt

¼ Fluxc1COðtÞ
Vc1

þ
D
0
cCO � Cd

c2COðtÞ � Cd
c1COðtÞ

� �

Dxc

ðB:16Þ

Cardiac Muscle Tissue Compartment 2, (c2)

dCc2O2ðtÞ
dt

¼ Fluxc2O2ðtÞ
Vc2

þ
D
0
cO2 � Cd

c1O2ðtÞ � Cd
c2O2ðtÞ

� �

Dxc � Vc2=Vc1

� �

�MRc2O2ðtÞ
Vc2

(B.17)

dCc2COðtÞ
dt

¼ Fluxc2COðtÞ
Vc2

þ
D
0

cCO � Cd
c1COðtÞ � Cd

c2COðtÞ
� �

Dxc � Vc2=Vc1

� �

ðB:18Þ

Cardiac Blood compartment 1, (bc1)

Vbc1
dCcv1O2ðtÞ

dt
¼ _QcðtÞ � CarO2ðtÞ � Ccv1O2ðtÞð Þ �O2Fluxc1ðtÞ

ðB:19Þ

Vbc1
dCcv1COðtÞ

dt
¼ _QcðtÞ � CarCOðtÞ � Ccv1COðtÞð Þ � COFluxc1ðtÞ

ðB:20Þ

Cardiac Blood compartment 2, (bc2)

Vbc2
dCcv2O2ðtÞ

dt
¼ _QcðtÞ � Ccv1O2ðtÞ � Ccv2O2ðtÞð Þ �O2Fluxc2ðtÞ

ðB:21Þ

Vbc2
dCcv2COðtÞ

dt
¼ _QcðtÞ � Ccv1COðtÞ � Ccv2COðtÞð Þ � COFluxc2ðtÞ

ðB:22Þ

Cardiac Blood compartment 3, (c3)

Vbc3
dCcv3O2ðtÞ

dt
¼ _QcðtÞ � Ccv2O2ðtÞ � Ccv3O2ðtÞð Þ �O2Fluxc3ðtÞ

ðB:23Þ

Vbc3
dCcv3COðtÞ

dt
¼ _QcðtÞ � Ccv2COðtÞ � Ccv3COðtÞð Þ � COFluxc3ðtÞ

ðB:24Þ

Auxiliary Equations Cardiac Tissue Compartment 1, c1

Vc1 ¼ Fvc � Vc

MRc1O2 ¼ MRcO2ð Þ � Vc1

Vc1 þ Vc2

MRcO2 ¼ 1:21
Mc � Vc

100q

� �

Mc ¼
46:6

1þ 122:7
HR

� �4:85 þ 9:76

MRc1O2ðtÞ ¼ MRcO2ð Þ � Vc1

Vc1 þ Vc2

� �

� Pc1O2ðtÞ
KcO2 þ Pc1O2ðtÞ

� �

Fluxc1O2ðtÞ ¼ O2Fluxc1ðtÞ þO2Fluxc3ðtÞ
Pc1O2ðtÞ ¼ fimpðSO2

;O2Mbmaxc1ðtÞ;P50c;

Cc1O2ðtÞ;Vc1Þ
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[See section ‘‘Special Functions’’ (F.3) for descrip-
tion of fimp]

Cd
c1O2ðtÞ ¼ Cc1O2ðtÞ �O2Mbc1ðtÞ

Cd
c1COðtÞ ¼ SCO � Pc1COðtÞ

O2Mbmaxc1ðtÞ ¼ CMbmaxc � COMbc1ðtÞ

CMbmaxc ¼
64500

17000

KO2

4
� CMbc

� �

COMbc1ðtÞ ¼ Cc1COðtÞ � SCO � Pc1COðtÞð Þ

Pc1COðtÞ ¼
Pc1O2ðtÞ
MM

� �
� COMbc1ðtÞ

O2Mbc1ðtÞ

� �

O2Mbc1ðtÞ ¼ O2Mbmaxc1ðtÞ �
Pc1O2ðtÞ

P50c þ Pc1O2ðtÞ

� �

D
0

cO2 ¼ 600 �DO2

Fluxc1COðtÞ ¼ COFluxc1ðtÞ þ COFluxc3ðtÞ
D
0

cCO ¼ 0:75D
0

cO2

Cc1O2ðtÞ ¼ O2Mbc1ðtÞ þ SO2
� Pc1O2ðtÞ

Cc1COðtÞ ¼ COMbc1ðtÞ þ SCO � Pc1COðtÞ

Auxiliary Equations Cardiac Tissue Compartment 2, c2

Vc2 ¼ 1� Fvcð Þ � Vc

MRc2O2 ¼ MRcO2ð Þ � Vc2

Vc1 þ Vc2

Cd
c2O2ðtÞ ¼ Cc2O2ðtÞ �O2Mbc2ðtÞ

Cd
c2COðtÞ ¼ SCO � Pc2COðtÞ

Fluxc2O2ðtÞ ¼ O2Fluxc2ðtÞ
Fluxc2COðtÞ ¼ COFluxc2ðtÞ

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

Auxiliary Equations Cardiac Blood Compartment 1, bc1

O2Fluxc1ðtÞ ¼ Dbc1O2ðtÞ � Pa1cO2ðtÞ � Pc1O2ðtÞð Þ
Pa1cO2ðtÞ ¼ fgetPavgðO2Hbmaxc1ðtÞ;Vbc1;P50ðtÞ; nðtÞ;

Cc1avO2ðtÞ; SO2
;ParO2ðtÞ;Pcv1O2ðtÞÞ

[See section ‘‘Special Functions’’ (F.5) for descrip-
tion of fgetPavg]

O2Hbmaxc1ðtÞ ¼ O2Hbmax � COHbðtÞ
Cc1avO2ðtÞ ¼ 0:5 CarO2ðtÞ þ Ccv1O2ðtÞð Þ

_QcðtÞ ¼ _Qc0 � 1þ 0:572 %COHbðtÞð Þ½ �

_Qc0 ¼
2:18 HRð Þ � 27:3½ �

100

� �
� Vc

Vbc1 ¼ Fvc � Vbc

Vbc ¼ volfracc � Vc

Pcv1O2ðtÞ;O2Hbcv1ðtÞ½ �
¼ fgetPO2

ðO2HbarðtÞ;P50ðtÞ; nðtÞ;O2Hbmaxc1ðtÞ; SO2
;

ParO2ðtÞ; _QcðtÞÞ

[See section ‘‘Special Functions’’ (F.4) for descrip-
tion of fgetPO2

]

Dbc1O2ðtÞ ¼
PSc1O2ðtÞ � SO2

� Vc1

1:04

PSc1O2ðtÞ ¼ PScav rest �
_QcðtÞ
_Qc0

COFluxc1ðtÞ ¼ Dbc1COðtÞ � Pa1cCOðtÞ � Pc1COðtÞð Þ

Dbc1COðtÞ ¼ DcCOðtÞ �
Dbc1O2ðtÞ
Dbc2O2ðtÞ

� �

DcCOðtÞ ¼ DMCO � Dbc2O2ðtÞ
Dbm2O2ðtÞ

� �

Pa1cCOðtÞ ¼ 0:5 ParCOðtÞ þ Pcv1COðtÞð Þ

Pcv1COðtÞ ¼
Pcv1O2ðtÞ

MH

� �
� COHbcv1ðtÞ

O2Hbcv1ðtÞ

� �

COHbcv1ðtÞ ¼ Ccv1COðtÞ � SCO � Pcv1COðtÞð Þ

Auxiliary Equations Cardiac Blood
Compartment 2, bc2

O2Fluxc2ðtÞ ¼ Dbc2O2 � Pa2cO2ðtÞ � Pc2O2ðtÞð Þ
Vbc2 ¼ 1� Fvcð Þ � Vbc

Dbc2O2ðtÞ ¼
PSc2O2ðtÞ � SO2

� Vc2

1:04

PSc2O2ðtÞ ¼ PSccap rest �
_QcðtÞ
_Qc0

COFluxc2ðtÞ ¼ Dbc2COðtÞ � Pa2cCOðtÞ � Pc2COðtÞð Þ
Dbc2COðtÞ ¼ DcCOðtÞ

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

Auxiliary Equations Cardiac Blood
Compartment 3, bc3

O2Fluxc3ðtÞ ¼ Dbc3O2ðtÞ � Pa3cO2ðtÞ � Pc1O2ðtÞð Þ
Vbc3 ¼ Dbvc on � Vbc1

Dbc3O2ðtÞ ¼ Dbvc on �Dbc1O2ðtÞ
COFluxc3ðtÞ ¼ Dbc3COðtÞ � Pa3cCOðtÞ � Pc1COðtÞð Þ

Dbc3COðtÞ ¼ DcCOðtÞ �
Dbc3O2ðtÞ
Dbc2O2ðtÞ

� �

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

Vot
dCotO2ðtÞ

dt
¼ O2fluxotðtÞ �MRotO2 ðB:25Þ

Vot
dCotCOðtÞ

dt
¼ COfluxotðtÞ ðB:26Þ

Auxiliary Equations for Other Tissue (Nonmuscle)
Compartment

MRotO2 ¼ MRO2 � MRmO2 þMRcO2ð Þ
O2fluxotðtÞ ¼ Pot avgO2ðtÞ � PotO2ðtÞ

� �
�DbotO2

Pot avgO2ðtÞ ¼ fpinv
�
O2HbotðtÞ;P50ðtÞ; nðtÞ;

CmaxotðtÞÞ

[See section ‘‘Special Functions’’ (F.2) for descrip-
tion of fpinv]

O2HbotðtÞ ¼ 0:5ðO2HbarðtÞ þO2HbvotðtÞÞ

sot
dO2HbvotðtÞ

dt
þO2HbvotðtÞ ¼ O2HbvotunðtÞ

PvotO2ðtÞ;O2HbvotunðtÞ½ �
¼ fgetPO2

ðO2HbarðtÞ;P50ðtÞ; nðtÞ;CmaxotðtÞ; SO2
;

ParO2ðtÞ; _QotðtÞÞ

[See section ‘‘Special Functions’’ (F.4) for descrip-
tion of fgetPO2

]

CmaxotðtÞ ¼ O2Hbmax � COHbvotðtÞ

sot
dCOHbvotðtÞ

dt
þ COHbvotðtÞ ¼ COHbvotunðtÞ

COHbvotunðtÞ ¼ CarCOðtÞ � SCO � PvotCOðtÞ

� COfluxotðtÞ
_QotðtÞ

_QotðtÞ ¼ _QðtÞ � _QmðtÞ þ _QcðtÞ
� �

PvotCOðtÞ ¼
PvotO2ðtÞ

MH

� �
� COHbvotðtÞ

O2HbvotðtÞ

� �

COfluxotðtÞ ¼ DbotCO � PbotCOðtÞ � PotCOðtÞð Þ

DbotCO ¼ DMCO � Vot

Vm

� �

Vot ¼ Vm �
Vot0

Vm0

� �

PbotCOðtÞ ¼ 0:5 ParCOðtÞ þ PvotCOðtÞð Þ

PotO2ðtÞ ¼
CotO2ðtÞ

SO2

CvotO2ðtÞ ¼ PvotO2ðtÞ � SO2

PotCOðtÞ ¼
CotCOðtÞ

SCO

CvotCOðtÞ ¼ PvotCOðtÞ � SCO

sot ¼
Vbot

_QotðtÞ
Vbot ¼ Volfracot � Vot

Mixed Venous Blood compartment, (mx)

Vmx
dCmxO2ðtÞ

dt
¼ _QðtÞ � Cmx inO2ðtÞ �CmxO2ðtÞð Þ

ðB:27Þ

Vmx
dCmxCOðtÞ

dt

¼ _QðtÞ � Cmx inCOðtÞ � CmxCOðtÞð Þ ðB:28Þ

Auxiliary Equations for Mixed Venous
Compartment

Cmx inO2ðtÞ

¼ CvotO2ðtÞ �
_QotðtÞ
_QðtÞ

 !

þ Cmv3O2ðtÞ �
_QmðtÞ
_QðtÞ

 !

þ Ccv3O2ðtÞ �
_QcðtÞ
_QðtÞ

 !

smx ¼
Vmx

_QðtÞ

Vmx ¼ 0:75 � Vb � Vbm � Vbotð Þ

PmxO2ðtÞ

¼ fimp SO2
;CmaxmxðtÞ;P50ðtÞ; nðtÞ;CmxO2ðtÞ;Vmxð Þ

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

CmaxmxðtÞ ¼ O2Hbmax � COHbmxðtÞ

COHbmxðtÞ ¼ COHbvotðtÞ �
_QotðtÞ
_QðtÞ

 !

þ COHbmv3ðtÞ �
_QmðtÞ
_QðtÞ

 !

þ COHbcv3ðtÞ �
_QcðtÞ
_QðtÞ

 !

þ
_Vco
_QðtÞ

 !
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PmxCOðtÞ ¼
PmxO2ðtÞ

MH

� �
� COHbmxðtÞ

O2HbmxðtÞ

� �

O2HbmxðtÞ ¼ fodc PmxO2ðtÞ;P50ðtÞ; nðtÞ;CmaxmxðtÞð Þ

[See section ‘‘Special Functions’’ (F.1) for descrip-
tion of fodc]

Cmx inCOðtÞ

¼ CvotCOðtÞ �
_QotðtÞ
_QðtÞ

 !

þ Cmv3COðtÞ �
_QmðtÞ
_QðtÞ

 !

þ Ccv3COðtÞ �
_QcðtÞ
_QðtÞ

 !

Special Functions

fodc : O2Hb ¼ fodc PO2;P50; n;Cmaxð Þ ðF:1Þ

fodc calculates concentration of O2 bound to hemo-
globin, O2Hb (oxyhemoglobin), from the oxygen
dissociation curve (ODC) of Hb as O2Hb ¼

Cmax �
PO2
P50

� �n

1þ PO2
P50

� �n

0

@

1

A 1þ 0:25þ 5PO2

P50

� �3� ��1 !

where

the values specified for Cmax (Maximum concentration
of Hb bound to O2 excluding the Hb bound to CO),
P50 (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
%COHb(t) (See Appendix B, section ‘‘Lung (Alveolar
(L) and End-Pulmonary (ep)) Compartments’’). The
second term in brackets applies only when n> 1.1.

fpinv : PO2 ¼ fpinvðO2Hb;P50; n;CmaxÞ ðF:2Þ

fpinv calculates blood PO2 (Partial pressure of oxy-
gen) corresponding to a given oxyhemoglobin content

as P�O2 ¼ P50 �
O2Hb

Cmax �O2Hb

� �1
n

where the values

specified for Cmax, P50, and n represent the vascular
compartment of interest and are all functions of
%COHb(t) (See Appendix B, section ‘‘Lung (Alveolar (L)
and End-Pulmonary (ep)) Compartments’’). If P*O2<

20 Torr, then PO2 ¼ P�O2ðtÞ

1þ 0:25þ 5P�O2

P50

� �3
 !�1.

Otherwise, PO2 = P*O2.

fimp : PO2ðPbiO2 orPtiO2Þ ¼

fimp SO2
;CmaxðCmaxbi orO2MbmaxiÞ;P50;n;CO2ðCbiO2 orCtiO2Þ

� �

ðF:3Þ

fimp is an ACSL operator which finds an implicit
solution to a nonlinear algebraic equation involving a
single unknown variable (in our case, blood PbiO2ðtÞð Þ
or tissue PtiO2ðtÞð Þ partial pressure of oxygen). The
algebraic expression solved implements the concept
that the total concentration of O2 CO2

ð Þ in a given
compartment (blood or tissue) equals to the concen-
tration of O2 dissolved and the concentration of O2

bound to heme protein (Hb or Mb) in that compart-
ment. These expressions are:

For blood compartment ‘‘bi’’at time ‘‘t’’:

PbiO2ðtÞ � SO2
ð Þ þ CmaxbiðtÞ �

PbiO2ðtÞ
P50ðtÞ

� �nðtÞ

1þ PbiO2ðtÞ
P50ðtÞ

� �nðtÞ

2

64

3

75

0

B@

1

CA

� CbiO2ðtÞ ¼ 0

where PbiO2ðtÞ;CbiO2ðtÞ are the PO2 and O2 concen-
tration in the blood compartment ‘i’

For tissue compartment ‘‘ti’’ at time ‘‘t’’:

PtiO2ðtÞ � SO2
� Vtið Þ

þ O2Mbmax iðtÞ � Vti �
PtiO2ðtÞ

P50m þ PtiO2ðtÞ

	 
� �

� CtiO2ðtÞ � Vtið Þ ¼ 0

where, PtiO2ðtÞ;CtiO2ðtÞ are the PO2 and O2 concen-
tration in the tissue compartment ‘i’.

fgetPO2
: PO2;O2Hb½ � ¼

fgetPO2
ðO2HbbðinÞ;P50;n;O2Hbmax;SO2

;PbðinÞO2; _QiÞ
ðF:4Þ

fgetPO2
calculates PbiO2(t) and O2Hbbi(t) in the

venous outflow from blood subcompartments of
muscle compartment, with inflowing blood described
by Pb(in)O2 and O2Hbin, while accounting for tissue
exchange of oxygen with blood, oxygen combined with
Hb, and oxygen dissolved in plasma. Two (total O2

content, Haldane equation) simultaneous algebraic
equations of PO2 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). _Qi is the blood flow
to the compartment i.
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Total O2 content:

CO2
¼

CO2ðmaxÞ �
PO2

P50

� �n

1þ PO2

P50

� �n þ SO2
� PO2;

Haldane equation: MH � PCO
COHb

¼ PO2
O2Hb

A gradient search method is used. The iterations
terminate when a solution for PO2 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. O2Hb is calculated from the determined PO2

using the fodc function.

fgetPavg : Pavgi ¼ fgetPavgðO2Hbmax i;Vbi;P50; n;CiavO2;

SO2
;Pbði�1ÞO2;PbiO2Þ (F.5)

fgetPavg calculates average vascular PO2, Pavgi(t), in
the blood subcompartments of the tissue. Pavgi(t) is the
partial pressure of O2 corresponding to the concentra-
tion of O2, CiavO2(t), halfway between the inlet (sub-
script ‘‘i � 1’’) and outlet (subscript ‘‘i’’) concentrations
of the vascular subcompartment ‘i’. Pavgi(t) takes into
account O2 dissolved as well as O2 bound to hemoglo-
bin. A dichotomous search method is used to determine
Pavgi(t). Vbi is the volume of blood in compartment i.

APPENDIX C: PARAMETER ESTIMATES BASED

ON REGRESSION EQUATIONS1

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, Vm (mL):

Vm ¼
�
1000

�
0:244BWþ 7:80HTþ 6:6G

�0:098A� 3:3Þ�=1:04
ðC:1Þ

Vm obese ¼ Vm � 8706:9ð Þ=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, Vlm (ml):

For Male,Vlm ¼ 0:4663ðVmÞ;
For Female,Vlm ¼ 0:4953ðVmÞ

ðC:1:1Þ

Volume of arm muscle tissue, Vam (ml):

For Male,Vam ¼ ð0:1564 � VmÞ;
For Female,Vam ¼ ð0:1396 � VmÞ

ðC:1:2Þ

Volume of trunk muscle tissue, Vtm (ml):

For Male,Vtm ¼ ð0:3773 � VmÞ;
For Female,Vtm ¼ ð0:3651 � VmÞ

ðC:1:3Þ

Total body volume of blood, Vb (mL):

Vb ¼ 70

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BMI p

22ðHTÞ2

s !�1
ðC:2Þ

BMI p ¼ delta IBW

100

� �
22þ 22

delta IBW ¼ BMI

22

� �
100

BMI ¼ BW

ðHTÞ2

Cardiac Output, _Q0 (L/min):

_Q0 ¼ ð54:1þ 7:9GÞ � BWþ 1400� 200 � G ðC:3Þ

During exercise;

_Q0 ¼ 3:186þ 7:346 MRO2ð Þ � 0:535 MRO2ð Þ2 ðC:4Þ

MRO2 = Total Body Metabolic Rate in STPD, L/
min

The changes in cardiac output _Q
� �

with CO exposure
were implemented in our previous model.8 Our objec-
tive in this study was to simulate changes in _Q 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, _Q; as a function of total body oxygen con-
sumption, MRO2. Rest and exercise data for cardiac
output and MRO2 from various published
papers3,4,6,18,21,34,37,72 from 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 O2

consumption is reached. Eq. (C.3) was used in simula-
tion of Burge and Skinner11 and Eq. (C.4) was not used
in any of the simulations of the manuscript.

Percent change in Cardiac Output with CO exposure:

%D _Q ¼ 0:572 %COHbð Þ ðC:5Þ

Heart Rate, HR (beats/min):

HR¼42:819þ68:884 MRO2ð Þ�8:26 MRO2ð Þ2 ðC:6Þ

1Eqs. (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.

ERUPAKA et al.434



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 literature14,50,83 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
simulations7,11 when MRO2 was not measured.

Myocardial Blood Flow, MBF (mL min�1 g�1):

MBF ¼ 2:18ðHRÞ � 27:3 ðC:7Þ

Myocardial Oxygen Consumption, MOC (mL min�1

g�1):

MOC ¼ 46:6

1þ 122:7
HR

� �4:85 þ 9:76 ðC:8Þ
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on http://www.acslx-wiki.com/dokuwiki/doku.php?id=
models:pbpk:extravascularco
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