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Abstract

In human studies investigating factors that control cellular respiration in working skeletal muscle,
pulmonary VO, dynamics (VOpp) measured at the mouth by indirect calorimetry is typically used
to represent muscle O, consumption (UOyy,). Furthermore, measurement of muscle oxygenation
using near-infrared spectroscopy has provided information on the dynamic balance between
oxygen delivery and oxygen consumption at the microvascular level. To relate these
measurements and gain quantitative understanding of the regulation of VO, at the cellular, tissue
and whole-body level, a multiscale computational model of oxygen transport and metabolism
during exercise was developed. The model incorporates mechanisms of oxygen transport from the
airway opening to working muscle and other-organs cells, as well as the phosphagenic and
oxidative pathways of ATP synthesis in these tissue cells. Model simulations of external (VO3p)
and cellular (UO,y,) respiration show that, during moderate exercise, their characteristic mean
response times are similar even when a transit delay exists between tissue cells and the external
environment for normal subjects.

Introduction

To distinguish mechanisms of impaired muscle oxygen delivery and oxidative metabolism
in response to exercise, we need to evaluate how these factors affect muscle oxygen
utilization (UO2yy,), which represents cellular respiration. During human or animal exercise
experiments, direct in vivo measurement of UO,, is not feasible. Instead, pulmonary
oxygen uptake (VOzp), which represents external respiration, is measured non-invasively at
the mouth as an indirect indicator of metabolic processes that control cellular respiration in
the working skeletal muscles. Factors that contribute to the differences between the dynamic
responses of UO,y, and VO, are circulatory dynamicst4], ventilation, oxygen stores in
blood and musclel”], and oxygen exchange across membranes. Therefore, using VOpp asan
indicator of metabolic processes may be misleading in the presence of various disease states.
In chronic obstructive pulmonary disease[?1], diabetes[312], or chronic heart failure[20], the
dynamic response of VO, to exercise is abnormally slow. In type 2 diabetes, low muscle
blood flow may impair oxygen delivery to working muscle. Clinically, these diseases also
may impair the mitochondrial oxidative metabolism!8].

In general, muscle power output and ATP utilization rate change in less than a second after
the onset of exercise, but the VO, response is much slower. Typically, the VO, response
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has two phases whose slopes are discontinuous: a short (~20s) cardiac-dependent rise
characterized by a circulatory transit time delay (Phase I) followed by a longer exponential-
type increase to a plateau (Phase 11)[2%]. The relationship between VOgyp and UOop,
dynamics has been studied under a variety of conditions!12:9.15], From dynamic
measurements of arterial and femoral venous blood and leg blood flow, Grassi et al. [%]
evaluated muscle oxygen uptake (VO,p,) dynamics, under the assumption its dynamics
represents those of UO»p,, and observed that during the transition from light to moderate
intensity exercise, the dynamics of VO, and VO,r, did not differ significantly.

Barstow et al. [1.2] performed model simulations of VO, in response to a moderate step
increase in muscle work. Assuming no effects from muscle and pulmonary oxygen stores,
simulated VO, followed a monoexponential increase towards a steady state. Consistent
with experimental findings of Grassi et al.[%, simulated VO, dynamics during Phase 11
were similar to VO,p, dynamics regardless of the Phase | dynamics. However, if oxygen
stores are considered in a more general mathematical model of oxygen transport and
utilization, then simulated exercise responses of VO, in Phase Il and VO,y, may be
different. Indeed, Lai et al. [1517] ysed such a model to simulate VO,,, and UO5y, dynamics
in response to exercise. They estimated UO,,, dynamics from muscle oxygen saturation
(StO2p,) measurements performed via near-infrared spectroscopy (NIRS). The UO5y, and
VO,m mean response times were much smaller than that of experimental VO,,,. The
dynamics of UO,n, and VO, are different during transient in exercise considering the O,
store in muscle tissue 161,

The Phase 11 characteristics of the VO, exercise response depend on multiple factors, e.g.,
training status and cardiopulmonary disease. An overshoot may occur, as Koppo et al. [13]
observed in the VOy,, Phase 11 response of trained cyclists exercising at moderate intensity.
Using VO, as a proxy measurement for UO,py, these authors suggested that this
phenomenon may be attributed to a higher ATP demand at the beginning of exercise in
trained cyclists. Also, voluntary hyperventilation has been shown to slow the VO, Phase |1
response to moderate intensity exercisel11].

Experiments conducted at a specific scale have showed that a perturbation in O, transport
can have different effects on oxygen uptake dynamics, viz, VOyp and VO,py,. For instance,
during moderate exercise, an increase in oxygen delivery due to an abrupt increase in heart
rate —controlled by a cardiac pacemaker— resulted in a slower Phase 11 VOyp, dynamic
response than that obtained with the heart rate fixed [2]. In contrast, in an isolated dog
muscle preparation, a faster O, delivery due to a step increase in blood flow just before the
onset of contraction did not affect VO, significantly[10]. However, when these data were
analyzed using a mathematical model, Lai et al.[18] found that increasing the rate of O,
delivery to contracting muscle did not change the dynamics of UO,,, but instead predicted a
lag in VO, response. From these and other experiments investigating the VO, kinetic
responses at various scales and characterizing them empirically using a linear combination
of exponential functions, it can be inferred that the model parameters are not independent
from each other and thus straightforward comparisons may not be possible. In general, the
relationship between external and cellular respiration as indicated by VOop, and UO5yy, (or
VO,,) depends on physiological processes and interconnections of oxygen uptake dynamics
between whole body and local cellular-tissue responses to exercise. To gain quantitative
understanding of the impact of oxygen transport limitations on the regulation of oxygen
consumption at the cellular level, a multiscale computational model is needed that links O,
transport processes between the lungs and skeletal muscle cells and oxidative
phosphorylation in skeletal muscle cells.
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Simulation of oxygen uptake (VOy), at the tissue and whole-body levels and utilization
(UOy) at the cellular level, in response to exercise can be accomplished with a multiscale
model that incorporates a multi-organ, whole-body model [27] and a skeletal muscle
modell17.28] of oxygen transport and metabolism. The output of this multiscale model can be
combined with experimental measurements during exercise to evaluate the dynamic
responses of muscle oxygenation (StO,p,) and pulmonary oxygen uptake (VO3p). Such a
multi-organ, whole-body model (Fig.1) distinguishes lungs, muscle, and other organ
compartments, which are connected by the circulatory system (artery, vein, and capillaries).

Tissue transport and cellular metabolism

The blood O, concentration in muscle, C(Vv,t), changes with position in the capillary bed
as indicated by cumulative volume (v)from the arterial input
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where Vi, is the muscle capillary blood volume; Jy, is the O, transport rate between
capillary blood and muscle tissue; and D is the O, dispersion coefficient. The muscle blood
flow in response to exercise is
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where AQp, is the muscle blood flow increase; tg is the time at the onset of exercise; and 7q
is the time constant of the blood flow response. The rate of muscle oxygen uptake is

VOo (t)=Qm (t)[cart,m(t) - Cven,m(t)] (3)

where Cyrt m(t)= Crp(t,0) and Cyen m(t)= Crp(t, Virp) are the input and output O,
concentrations of the of muscle capillary bed.

The metabolic response of working skeletal muscle is described by bioenergetic systems
associated with Oy, ATP and phosphocreatine (PCr) metabolism (Fig.1). The change in
tissue O5 concentration, Ciig(v,t) depends on mass transfer across the blood-tissue membrane
and reaction processes (oxidative phosphorylation):
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where f,, = ViidVimp IS the volume ratio of muscle tissue to muscle capillary blood and
PoxPhos IS the oxidative phosphorylation rate:
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where Vax is the maximal flux of oxidative phosphorylation, Capp is the ADP
concentration and CZ. is the free O, concentration in muscle cells. The energy demand

tis
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imposed by exercise is represented by the rate of ATP utilization, which is balanced by ATP
production from oxidative phosphorylation and phosphocreatine (PCr) hydrolysis. [17] The
P:O ratio in oxidative phosphorylation is assumed as 3. The reaction fluxes of creatine
kinase are nonlinearly related to the coupled concentration of Cr, PCr, ADP and ATP, which
must satisfies the conservation of adenosine and creatine [17] The contribution of glycolysis
to ATP synthesis, however, is negligible when the imposed work rate is of moderate
intensity. [22] The rate of oxygen utilization at the cellular level can be estimated as:

Viis
UOam (t)=/0" G oupnos (v t)dv  (6)

External respiration

In the lung compartment, we consider the alveolar gas as well-mixed with a constant breath-
averaged volume. From the net input-output of oxygen in the alveolar gas[?®], the rate of
pulmonary oxygen uptake is computed as:

Vozp(t):VA (t)[CIOQ - C,0; (t)] O

where C,O; is the constant inspiratory O, concentration and CaOy(t) is the alveolar O,
concentration. The alveolar ventilatory response, which is estimated from the ventilatory
measurement during moderate exercise, is represented by an exponential function:

Vi(O)=V, +AV,[1 -] (g

where Vg is the ventilation at a warm-up steady state; AV is the ventilatory increase in
response to exercise; and zy is the time constant of the ventilatory response.

In the pulmonary capillary bed, O, concentration in the blood from the arterial to venous
sides is simulated by a one-dimensional convection-dispersion model with transport flux
between blood and alveolar spacel?7]. The rate of oxygen uptake in alveolar blood is

VO,,(t)=Q(t) [Cart(t) — Cuen(t)] (9)

where the dynamic response of cardiac output Q(t) has a similar form as Eq. 2. The increase
in cardiac output and muscle blood flow in response to exercise are assumed to be the
same.[28] The arterial-venous blood O, concentration difference is given in the brackets. To
simulate O, transport between muscle and lungs, the O, concentration in large blood vessels
is represented by a one-dimensional convection-dispersion model[2”]. The blood flow and
oxygen uptake of the other organs compartment are assumed constant.

Model simulations for comparison with experimental data

Using this model, we can simulate and compare the quantitative relationship between
cellular, tissue, alveolar blood and whole-body O, uptake responses to moderate exercise
indicated by UOom, VOom, VO2a, VOyp, respectively. We then characterize the dynamic
responses of these outputs by the mean response time, MRT. Between the initial time, tg
and the time to reach the maximum response, t;, simulated step-up responses can be
compared using the mean response time:
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b
tAy(t)dt
MRT:ZOJ& (10)
S Ay(t)dt

to
where Ay=ymax—Y(t) represents the amplitude of the dynamic response of VO3,,VOzp,
VOoy, or UOo,.

For comparison of model outputs to experimental data, we relate model variables to
measurable variables at the muscle level. From the model, we evaluate muscle oxygenation
as:

St O - — Hb "™~ Hb Mb"™~ Mb
# uCothisC,y

StO,y is intended to reflect the volume averaged signal from both hemoglobin in blood and
myoglobin in tissue. The volume fractions of blood and tissue are fp=1/(1+f,)=7% and
fiis=fp/(1+f)=93%. The concentrations of hemoglobin in blood and myoglobin in tissue are
Chp and Cyp. The averaged oxy-hemoglobin saturation is a weighted combination of
hemoglobin in muscle arterioles, capillaries, and venules:

S][b:SaTt,mwart+ <Scap,m> wcap"'sven,mwven (12)

where @ gt (=20%), @ cap (=15%), and @ yen (=65%) are blood volume fractions in muscle.
The averaged oxy-myoglobin saturation in muscle tissue is Syp={ Sis ). The spatially
averaged saturations Scapm )and ( S;is ).are defined as:

Vy
J Sy dv
(5) =

X

13
(X=cap, mor tis) 3

The oxy-hemoglobin and oxy-myoglobin saturations are related to free O, concentrations in
blood and tissue Seap.m(CLy), Seis(CH IS,

Experimental data from a step change in work rate

Seven male African-American adolescents performed moderate intensity exercise (90% VT)
on an electromagnetically-braked cycle ergometer. All investigational procedures were
approved by the University Hospitals of Cleveland Institutional Review Board and written
informed consent was obtained from both subjects and their parents. Local muscle oxygen
saturation time profiles, StOon,(t), of the right quadriceps vastus lateralis muscle were
obtained with near infrared spectrometry (NIRS). Minute ventilation Vg and pulmonary
oxygen uptake VO, were continuously monitored with a commercially available metabolic
cart system [17]. Values of most model parameters and exercise variables have been
determined and published previously[}7:27]. \/5g, AV and w, were estimated by least-squares
fitting of Va(t)from the measured ventilatory response. Parameters Vinax and AQp, for each
subject were estimated by least-squares fitting of model output (StO,,(1)) to its
corresponding experimental measurement. The time constant of the muscle blood flow 7q
was computed using data from the first minute of heart rate response to exercise. Using the
estimated parameters, the multiscale model was validated by comparing its VO, simulation
with experimental data. Model simulations are intended to show the effect of changing
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parameter values (e.g., Vimax) On 0xygen uptake and utilization at various scales, i.e., UOyp,
VO, VO2a, and VOgyp,.

Simulations of the dynamic responses of StO,p, and VO, to a change in work rate
(moderate intensity) from baseline are compared to experimental responses obtained in a
typical normal human subject (Fig.2). For the same subject, model simulations of the
dynamic responses of oxygen uptake (VOgp, VO2a, and VO,p,) and oxygen utilization rate
(UOyy) are compared (Fig. 3A). The dynamic responses of UO,py, and VOopy,, Which
represent the processes at the cellular-tissue level, are nearly the same. These responses at
the tissue-cells level differ from the responses of VO, and VO, that represent processes at
the whole-body level. The whole-body responses displayed two phases: Phase | reflects
oxygen transport from muscle to lungs, whereas Phase 11 reflects cellular metabolism of
exercising skeletal muscle. The biphasic behaviors are more evident in the derivatives of
their dynamic responses (Fig. 3B). The area under the derivative curve represents the
amplitude of the dynamics response. A comparison of the derivative responses shows that
the amplitude and dynamics of the two phases of VO, are different to those of VO,a. The
model-predicted a ~40% decrease in phosphocreatine concentration, while ATP
concentration remained constant (Fig. 3C).

To characterize the metabolic dynamic response to exercise corresponding to seven human
subjects, mean response times (MRT) of simulated oxygen uptake responses are compared
in Table 1. The mean response times characterizing the pulmonary and alveolar oxygen
uptake rates (VOzp, VO,a) were not significantly different (P>0.05). For VO, and VO,
the MRT was also computed for Phase 11 alone to eliminate the effect of the circulatory
transport delay. These mean response times —calculated without including Phase | of the
response— were consistently reduced by ~10%, with their values not been significantly
different from those characterizing the VO, and UO», dynamic responses (P>0.05).

Model simulations show that different values of Viax, the maximal flux rate of oxidative
phosphorylation, affect the dynamic exercise responses of VOpp, and VO, (Fig.4). With
high Vimax, an evident overshoot occurs in the VO, response (Fig. 4A), but not in the VOyp,
response. Phase | does not change with Vs - The effects of Vinax on MRT values for
oxygen utilization and uptake responses are given in Table 2. With a higher Vax, the MRT
values are lower.

Discussion

A mathematical multiscale model that couples pulmonary gas exchangel?7] in a multi-organ
whole-body model to a whole body-tissue model of O, transport and cellular metabolism in
skeletal musclel*>17] was developed to study responses of oxygen uptake and cellular
consumption to exercise. The corresponding energy demand due to exercise is represented
by a step increase in ATP utilization. Cellular ATP homeostasis is maintained through
oxidative phosphorylation and the reactions of ATP,s and CK. The model also includes
explicit relationships between free and bound forms of O that incorporate effects of
hemoglobin and myoglobin in blood and skeletal muscle. To simulate experimental
responses of human subjects, the maximal flux rate of oxidative phosphorylation Vs« and
the blood flow increase AQy, were estimated from measurements of muscle oxygenation
during exercisel17]. The increase in cardiac output are assumed the same as AQy, as Calbet et
al.[28] showed that cardiac output and leg blood flow increased in parallel during
incremental cycling exercise. Simulations with this model show the relationships between
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VOyp, VO24, VOom and UO,y, and the effect of Vipax 0n oxygen uptake/utilization
dynamics.

The cellular respiration is regulated by feedback control from ADP and tissue oxygen
concentrations. In the literature, several feedback control models have been proposed for the
regulation of cellular respiration: (1) feedback control using a Michaelis-Menten
relationship between oxidative phosphorylation and [ADP](2%!: (2) higher-order feedback
control from [ADP][30:31]: (3) dependence of oxidative phosphorylation on the free energy
of ATP hydrolysis.[32] However, the experimental data available in the present study are not
sufficient to address this issue. In the measurement range of Ref. [30] ([ADP] from 0.018 to
0.084 mM), the experimental data were equally well described by the Michaelis-Menten
relationship and higher-order model. Therefore, we chose the approach that was successfully
applied previously to in vivo study obtained by NMR spectroscopy.[2°]

Parameters estimates, especially for Vimax, are highly dependent on the type of
compartmental model (lumped vs. distributed) used and on the value selected for working
muscle volume. Lai et al. [17] used a lumped model and 49% of the whole body weight as
the working skeletal muscle volume during cycling exercise. MRl measurements of body
volumes show that the leg muscle volume is around 20% of the whole body weight[23]. In
this study, we used a distributed model and a working muscle volume of 20% of the whole
body weight. As a consequence, the estimated Vmax value in this study is 18.3+4 mM/min,
which is much lower than the previously estimated value of 45+15 mM/min (7], Model
simulations of StO,, response to exercise corresponds closely with experimental data (Fig.
2A), but the predicted VO, has a faster dynamics than the experimental data (Fig. 2B). The
simulated VO, response (Fig. 2B) indicates the presence of two phases, which are also
evident for VO, (Fig. 3B). Phase | reflects the effect of the circulatory transit time delay
from skeletal muscle to lungs. The duration of Phase I in VO, and VO, simulations is
similar to that (193 s) typically observed experimentally 25- During moderate-intensity
exercise, the simulated PCr concentration decreased 14mM, which agrees well with the
[PCr] decrease of 30% obtained experimentally by McCreary et al [19],

Since direct measurement of UO,,, is not readily available, it was estimated by simulation
with our model that includes the main elements of cellular metabolism and energetics. The
UO,, and VO, Kinetic responses to exercise displayed a monophasic behavior without any
delay after exercise onset; in contrast, the VO, and VO, kinetic responses displayed a
biphasic behavior that includes a transport lag. When the effect of this circulatory transit
time delay (Phase 1) was eliminated from the responses of VO, and VO3, as is commonly
done for the empirical analysis of the VO, kinetic response to exercisel?®l, the MRTs of
VO, and VO, during Phase Il were only 3s smaller than the MRTs computed from the
entire kinetic response (Table 1). However, even though these results are, in this case,
consistent with previous experimental studies demonstrating that VO, and VOyp have
similar dynamic responses to moderate exercise [°l, our predicted VOgyp, has a faster
dynamics comparing to the experimental data (Fig. 2B). This discrepancy may due to the
limitation in our NIRS or VO, measurements. Firstly, considering the heterogeneity in
structure and perfusion in the working skeletal muscle, using the NIRS signal obtained from
a local region with an uncertain volume to represent the O, saturation in the whole working
muscle may be misleading. Secondly, our model assumed a constant volume of the alveolar
space and didn't consider its change during exercise. But the VO, experimental
measurement included the alveolar gas store change due to the variation in its volume,
which would slow down the VO, dynamic response to exercisel®]. Finally, in this model,
the permeability surface area coefficient (PS) in the working skeletal muscle was considered
as a function of muscle blood flowl!5]. PS coefficient was set to sufficiently high values to
ensure enough oxygen supply to the working muscle. If the dynamics of PS change limits
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the blood-tissue O, diffusion process at the onset of exercise, we would get a smaller Vax
estimated from the StO,,, measurement. Specific experiments are needed to perform to
quantify the muscle permeability surface area change during exercise. The advantage of our
approach is that it provides a more general and mechanistic approach to investigating the
dynamics of oxygen uptake at different biological scales. As a consequence, our mechanistic
multiscale model —in contrast to empirical exponential fits— can be applied to many
conditions under which the dissociation between pulmonary and muscle oxygen uptake may
be significantly greater. For instance, when there is an oxygen transport limitation in the
lungs compartment due to a less increase in alveolar permeability during exercise, which
cause a decrease of the arterial O, partial pressure to 65 to 70 mmHg, the dynamics of the
simulated VO, and VO can be slowed down with a 10s increase in their MRT but no
significant changes occur in the simulated dynamics of VOyp, and UOy,.

Model simulations quantify the relative changes of the oxygen uptake and utilization
dynamic responses to exercise produced with different values of the maximal oxidative
phosphorylation flux Vs (Table 2). A 50% decrease in Vinax, Which represents the disease
condition with mitochondria dysfunction, both the cellular and external respirations have
been slowed down even with sufficient ventilation and perfusion. An 100% increase in
Vmax, Which represents the fitness level of a subject, generates faster responses (i.e., MRT
decreases) in VO3p, VO, VOom and UO;y, (Table 2). This is consistent with experimental
studies that found trained subjects to have faster VO, responses than untrained subjects
during constant-load exercisel26]. Korzeniewski et aI.F33v34] also proposed that an increase in
the amount of mitochondrial proteins and an intensification of the parallel activation of ATP
usage and ATP supply accelerate the oxygen-uptake kinetics at the onset of exercise. With
higher Vimax, @ Phase 11 overshoot can occur in the oxygen uptake response, which is most
prominent for VO, and least prominent for VO,p,. No overshoot occurs in the UO;p,
response. Even with overshoot of the oxygen uptake responsg, the MRTs of VO, and VO,
during Phase Il are close to that of VOsy,. Experimentally, Koppo et al.[13] reported an
overshoot in the VO, response to moderate-intensity cycle exercise. This overshoot was
interpreted as an indication of a variable ATP demand that is higher at the beginning of
exercise. From model simulations, however, this overshoot can occur in the oxygen uptake
responses even with a constant ATP demand which is imposed by the ATP turnover rate
through ATP,s. in the model. But the ATP turnover rate is very difficult to experimentally
measure in vivo. When Vynax IS increased, a temporary arterial hypoxemia happens at the
onset of exercise with 7g and 7, unchanged. The corresponding simulated alveolar PO; is
normal (>90 mmHg). If both 7 and 7, decreased by 50%, the overshoot in the VO3,
disappeared. Powers et al. found that highly trained subjects could have exercise-induced
hypoxemia.[35] A further experiment for the arterial PO, measurement is needed to indentify
the origination of the overshoot signal (pulmonary vs. cellular level).

A multiscale mathematical model was developed to distinguish responses of external and
cellular respiration to exercise of moderate intensity. Simulation shows that the
characteristic response times (MRT) of external and cellular respiration are similar even
when a transit delay exists between tissue cells and the lungs. The results of our model
shows that the O transport processes from lungs to muscle are tightly coupled to provide
enough O, for working skeletal muscle during exercise in normal subjects. Under abnormal
conditions, the effect of O, transport limitation- occurring at different scale of the body - on
internal to external respirations can be examined. Such results can be used for comparative
quantitative analysis of the regulation of respiration in subjects suffering from abnormal
function associated with disease states (e.g., chronic obstructive pulmonary disease, diabetes
and congenital heart disease).
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Figure 1. Schematic representation of oxygen utilization in cell and transport between lungs and

skeletal muscle
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Figure 2.
Comparison of experimental and simulated responses of a representative subject from a

warm-up steady-state to a moderate intensity exercise: (A) relative oxygen saturation in
muscle and (B) pulmonary oxygen uptake.
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pulmonary and alveolar blood oxygen uptakes, VOop, and VO, (C) Simulation of PCr
break down and ATP concentration of a representative subject from warm-up to moderate

intensity exercise
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Figure 4.
Effects of the maximum oxidative phosphorylation flux rate Viax on (A) Pulmonary oxygen
uptake dynamics (B) Muscle oxygen uptake dynamics.
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Table 2

Effects of the maximum oxidative phosphorylation flux rate (Vmax) on mean response time (MRT) of oxygen
uptake and utilization responses to moderate exercise (M2). The MRT within parentheses reflects Phase |1
only.

MRT (5)
Vax (MM/min)

VOz VO VO  UOgy

7.0 60(57) 60(57) 57 55
145 34(31) 35(33) 34 33
29 23(17) 22(19) 18 18
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