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Abstract — Near-infrared spectroscopy (NIRS) is a useful tech-
nique for noninvasive measurement of muscle oxygenation.
However, analyses of the dynamic changes in muscle metabo-
lism based only on experimental observations of NIRS are diffi-
cult. Therefore, we constructed a mathematical model of mus-
cle metabolism, comprising of the ATP synthesizing systems
and O, diffusion system, to identify the mechanisms responsible
for those observations. A customized NIRS instrument was
used to measure the changes in muscle oxygenation of the fore-
arm flexor muscles during intermittent and continuous isomet-
ric flexion exercises when healthy male subjects participated in
exercises tests. The exercise-dependent difference in changes
could be distinguished and the simulated results agreed well
with that measured experimentally. Although the contraction
intensity for both exercises was identical, the magnitude of en-
ergy needed to perform the respective exercises was different.
This difference was reflected by the changes in the ATP synthe-
sizing systems, in which the energy needed during the latter-
half of continuous exercise was mostly supplied by anaerobic
system, whereas that during intermittent exercise was supplied
by the aerobic and anaerobic systems that operated synergisti-
cally. From the results, we conclude that the model could be a
useful tool for the elucidation of the relationship between ex-
perimental observations of NIRS and muscle metabolism.

1. INTRODUCTION

Near-infrared spectroscopy (NIRS) is a useful technique
for noninvasive measurement of muscle oxygenation. We
have shown that the synergistic function of the quadriceps
muscle during two different isometric knee extension exer-
cises could be distinguished using NIRS [1]. However, the
changes in muscle oxygenation during exercise could be
affected by different factors of the complex metabolic sys-
tem: the synergistic function of the aerobic and anaerobic
metabolic systems, the changes in O, concentration gradient
between the blood vessels and muscle cells that affects the
O, diffusion rate, and the relative contribution of hemoglo-
bin and myoglobin to the NIRS signals. Consequently,
analyses of the changes in muscle metabolism based only on
experimental observations of NIRS are difficult.

In this study, we attempt to address the problem by con-
structing a mathematical model of muscle metabolism to
identify the primary mechanisms responsible for experimen-
tal observations of NIRS and to elucidate its relationship
with muscle metabolism. In recent years, various models
have been constructed for the detailed study of different
metabolic pathways. For example, Paolo et al. [2] reported a
model that fits the experimental results of phosphocreatine
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(PCr) changes during ischemia and exercise well. In com-
parison, Korzeniewski et al. [3] constructed a model that
predicts the difference in activation of aerobic metabolism
during low and high work intensities with good accuracy.
These promising results show that the models could be ap-
plied to investigate physiological events that are difficult to
be directly captured by conventional instruments. However,
owing to their high complexity, interpretation of the essen-
tial elements that contributes to the characteristic changes in
the metabolic pathways is difficult. In addition, the mecha-
nism of O, transport from blood to tissue, an important ele-
ment of aerobic metabolism, is not considered in these works.

Therefore, we aimed to construct a simple model that in-
corporates both the aerobic and anaerobic metabolic systems
and the O, transport mechanism from blood to tissue. We
used the constructed model to reproduce the temporal re-
sponses of O, concentration and O, consumption rate (70, )
that was obtained from NIRS experimental results. In addi-
tion, we evaluated the synergistic function of the aerobic and
anaerobic metabolic systems and O, transport mechanism
during different exercise protocols using the simulation re-
sults.

II. MATERIALS AND METHODS

A. In vivo measurement using NIRS

Five healthy male adults participated in exercise tests.
Their mean (SD) age, weight and height were 23.6 (1.1)
years, 62.4 (7.6) kg and 172.2 (5.4) cm, respectively. We
obtained informed consent for participation in the study from
all subjects prior to the measurements.

The subjects performed exercise tests at 70% maximum
voluntary contraction (%MVC) with the following protocols:
(1) 3-s isometric contraction (repeated 10 times)/1-s relaxa-
tion (repeated 9 times) for a total duration of 39 s, and (2)
39-s continuous isometric contraction. Measurements were
made on the flexor muscles of the forearm using a spatially
resolved NIRS instrument [1].

Arterial occlusion was performed on the forearm with a
sphygmomanomter (280 mmHg) to interrupt the O, supply
to the measurement site. Blasi showed that the initial rate of
oxy-hemoglobin (HbO,(f)) deoxygenation during arterial
occlusion reflects the direct measurement of local Vo, [4].
Therefore, we performed arterial occlusion for 30 s from 120
s before the start of exercise to calculate the resting 7o, ,
and for 5 to 15 s from 5, 20, 40, and 70 s after the end of
exercise, respectively, to calculate the recovery 7o, .

During exercise, contraction at relatively high intensity
(>70% MVC) resulted in spontaneous occlusion of blood
flow to the muscle due to the elevated intramuscular pres-
sure. The rate of HbO,(f) deoxygenation during continuous
contraction, where blood flow is restricted, is a good indica-
tor of exercising local Vo, [5].
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From the above, we calculated the local 7o, during dif-
ferent phases (rest, exercise and recovery) from the slope of
decreasing rate of HbO,(¢) by linear regression. The concen-
tration of oxy-myoglobin (MbOx(?)) is included in the calcu-
lation because its absorption spectrum is almost identical
with that of HbO,(f). As a result, they cannot be distin-
guished using NIRS.

B. Simulation with a model of muscle metabolism

Fig. 1 shows the schematic of the two-system, two-
compartment model. The model is composed of two pri-
mary systems: (a) the adenosine triphosphate (ATP) synthe-
sizing system that consists of the aerobic and anaerobic
compartments, and (b) the oxygen diffusion system that con-
sisting of the blood and tissue compartments. For modeling
purposes, the following assumptions hold:

1) The model is composed of control systems that func-
tion as ATP buffer.

2) Adenosine diphosphate (ADP) is the control input
since ADP is the substrate for ATP synthesis.

3) Only first or second-order kinetic equations are used.
The kinetics of enzyme are ignored.

0.

High energy phos-
hagen system Oxidative Blood
phosphory-
Glycolysis-lactic lation ﬂ
acid system
Anaerobic Aerobic
ATP synthesizing ~ O, diffusion
system ATP system

Fig. 1. Schematic of the metabolic model. See text for details.

From the above, we obtained the following equation that
represents the two-compartment ATP synthesizing system
for the model,

ADP(1) = qtotal —~4ATP,PCr ~9ATP,Gl ~4ATP,0,> (1)
where the single dot represents the time (f) derivative,
Gioral =ow+1gq, +0Cr(t)ATP(t) represents the total ATP
consumption rate (ATP demand) with respect to basal me-
tabolism ¢, and an adjustable coefficient y, represents the
ATP consumption rate that is equivalent to the correspond-
ing exercise intensity w during in vivo measurements. Cr(f)
and ATP(f), described by (Cr,+PCr,—PCr(t)) and
(ATP,+ADP,—ADP(t)), respectively, represent the change in

creatine (Cr) and ATP concentrations during PCr resynthesis.

Cr,, PCr,, ATP,, and ADP, represent the initial concentra-
tion of Cr, PCr, ATP, and ADP, respectively. The ATP syn-
thesis rate, given in (1), consists of three components and is
proportional to ADP(f):

gatp,pcr = yPCr(t)ADP(1), (2)

gatp,Gl = 90Gl(1)ADP(t) , and 3)

qaTp,0, =EADPO{(P (1) - a)/ (R () —a+ B)}. (4)
where gatp pcr and g o7p, G are the rates of PCr breakdown
and anaerobic glycolysis, respectively, during anaerobic me-
tabolism. gatp 0, is the rate of oxidative phosphorylation

during aerobic metabolism. PCr(¢), GI(f) and P(f) represent
the concentrations of PCr, the concentrations of blood glu-
cose and muscle glycogen, and the partial pressure of O, of
the tissue compartment, respectively. The constants y, 0 and
¢ describe the product of the unit conversion coefficients
(between ATP synthesis/consumption and reactant consump-
tion/synthesis) and the rate constants of the respective reac-
tions. a and S are arbitrary constants that determine the tran-
sition from aerobic to anaerobic metabolism that will occur
during severe hypoxia

The diffusion of oxygen from capillaries (blood) into the
muscle cells (tissue) is represented by two compartments:

Cy =0(C, =Cy)-G(RO-RO), )
Ce =GP, ()~ P(0)-date,0, - (©)

where CV and Ct represent the time derivative of the O,
concentration in the venous blood and tissue compartments,
respectively. C, represents the O, concentration in the arte-
rial blood compartment. G is a constant that determines the
rate of O, diffusion between the venous and the tissue com-
partments. P(7) represents the partial pressure of O, of the
venous compartment and Q is a P(f) dependent variable
that is used to simulate the changes in blood flow. We solved
(5) and (6) by partial differentiation with the equations de-
rived from the dissociation curve of hemoglobin and my-
oglobin, respectively. The differential equations were nu-
merically solved with Mathematica® version 4.0. The main
parameters and constants, referred from reported values,
were summarized in Table 1.

III. RESULTS

A. Comparison of experimental and simulated Vo 5

As shown in Fig. 2(a), after the peak Voz (about 8-12
times greater than resting V02 ) was reached 10-15 s after the
onset of exercise, Yo, of both protocols decreased and
reached a plateau at about 20 s. The decrement of Vo, of
protocol 2 was greater than that of protocol 1 and was main-
tained at approximately zero at the latter-half of the exercise,
indicating that the energy needed to maintain the muscle
contraction was mainly supplied by anaerobic metabolism.
During recovery, Voz of both exercises was high (about 7—
12 times greater than resting Voz) due to significant excess
post exercise oxygen consumption (O, debt). The maximum
Vo, was reached at the second or third post-exercise arterial
occlusion.

For simulation of Vo, using the model, we varied O ac-
cording to different situations, such as occlusion, exercise
and recovery to simulate the corresponding changes in
HbO,(t) during the exercise tests described in section II.A.
We then calculated V02 from the slope of decreasing rate of
the simulated HbO,(¢) by linear regression. The characteris-
tic changes in temporal response of Vo » were sufficiently
reproduced in Fig 2(b). The changes are probably due to the
difference in the rate and amount of energy that was pro-
duced and consumed in response to different exercise.
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Fig. 2. (a) Voz calculated from NIRS experimental values,
and (b) simulated Vo, (Normalized using resting /o, )

B. Synergistic function of ATP synthesizing and O, diffusion
systems in response to different exercises

As shown in Fig. 3(a), P«(¢) decreased immediately after
the start of intermittent exercise due to the increase in O,
demand. This is evident from Fig. 3(b), where the insuffi-
cient increase in the ATP synthesis rate by aerobic metabo-
lism was met by a concomitant increase in that by anaerobic
metabolism. As exercise progressed, Py(f) decreased more
rapidly than P(¢), indicating that O, consumption in the tis-
sue compartment occurred at a more rapid rate than O, sup-
ply from the blood compartment. Due to the enhanced O,
concentration gradient between the blood and the tissue
compartments, O, diffusion rate increased to meet the in-
crease in O, demand. Py(f) and Py(f) reached a plateau of
about 1 mmHg and 15 mmHg approximately 20 s and 30 s,
respectively, after the start of exercise. When the plateau is
reached, ATP synthesis by aerobic metabolism decreased
whereas that by anaerobic metabolism increased to comple-
ment the ATP production that was needed to sustain the re-
maining exercise.

In contrast, P,(¢) decreased more rapidly during continu-
ous exercise, indicating that Vo, during continuous exercise
was much higher than that during intermittent exercise (Fig.
3(c)). Consequently, Py(f) reached the plateau of about zero
much faster, approximately at 15 s after the start of exercise,
whereas P,(f) reached a plateau of the same level approxi-
mately at 25 s. When the plateau of Py(f) was reached, the
ATP synthesis rate by aerobic metabolism decreased
whereas that by anaerobic metabolism increased (Fig. 3(d)).
Contrary to that during intermittent exercise, aerobic me-
tabolism cannot produce the ATP needed when both P(f)
and P(?) falls approximately to zero. Consequently, the en-

ergy needed to sustain the remaining exercise was supplied
only by anaerobic metabolism.
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Fig. 3. Simulated temporal changes in P,(¢) and Py(¢), as well
as those in aerobic and anaerobic ATP syntheses during ex-
ercise in protocol 1 (intermittent exercise), (a) and (b), and in
protocol 2 (continuous exercise), (¢) and (d). (¢ATP, Anaerobic

= gATP,PCr T ATP,GI1)

After the end of exercise, the ATP synthesis rate by aero-
bic metabolism increased for about the first 20 s, the rate of
continuous exercise being faster due to higher oxygen debt.
During the same period, the ATP synthesis rate by anaerobic
metabolism falls to negative since the ATP consumption rate
for PCr resynthesis was more rapid than the ATP synthesis
rate by anaerobic metabolism (Fig. 3(b) and (d)). The slow
recovery of Py(f) to resting level during recovery probably
reflected the time needed for myoglobin reoxygenation in
tissue.

IV. DISCUSSION

Fig. 2(a) shows that the maximum recovery Voz was not
reached immediately after the end of exercise. During this
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metabolic state, Vo, could still be extremely low. The slow
recovery of Py(f), as shown in Fig. 3(a) and 3(c), indicated
that the availability of O, after the end of exercise is one of
the main regulating factors of Voz [6].

The simulation results show that although the instantane-
ous ATP demand for both exercise protocols was set to be
identical, the aerobic and anaerobic ATP synthesizing sys-
tems and O, diffusion system operated synergistically ac-
cording to different exercise protocols. In addition, the tran-
sition from aerobic to anaerobic metabolism probably occurs
when P(?) falls approximately to zero, i.e. severely hypoxic
condition, since in such situation most of the bounded O, of
both hemoglobin and myoglobin are released and the oxida-
tive phosphorylation process is ceased.

The strength of our approach is that only a minimum
number of essential mechanisms were integrated into the
model. Our model is significant in which several equations
offer a good macroscopic view of the exercise-dependent
difference in the metabolic changes in muscle.

In contrast, the limitation of our simplified modeling of
metabolic changes in muscle is that the details of some
mechanism that involved enzyme cannot be simulated accu-
rately. For example, we did not include the Michaelis-
Menten kinetics for enzymes of relevant physiological
mechanisms, such as the creatine kinase reaction and glyco-
lysis in the model. Therefore, the simulation results reported
here would likely be changed if these mechanisms were con-
sidered in the model. In addition, we also assumed that ADP
is the control input for all systems, whereas various sub-
strates function as the control input in the actual metabolic
system. Moreover, we need to establish a more quantitative
method of determining the relationship between y and
%MVC. The inclusion of rate constants that describe each
specific phase of the exercise is also probably necessary [2,
14].

V. CONCLUSION

The results show that the experimentally calculated Vo,
was reproduced by simulation in spite of the highly simpli-
fied properties of these equations and the low number of
mechanism modeled. In addition, the resulting final picture

sufficiently accounts for the synergistic features of the ATP
synthesizing systems and O, diffusion system. The results
also show the close relationship between Vo, and partial
pressure of O, of the blood and tissue compartments. We
conclude that the preliminary results lay the foundation of a
model-based approach to investigate the relationship be-
tween NIRS measurement results and muscle metabolism.
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TABLE 1. MAIN PARAMETERS AND CONSTANTS IN THE MATHEMATICAL MODEL OF MUSCLE METABOLISM

Parameter Definition Model values Literature values Reference
ATP, ATP concentration in cell water 8.2 mM 8.2 mM 7
ADP, Initial ADP concentration 18.1 uM 18.1 uM 8
PCr, Initial PCr concentration 32 mM 32 mM 8
Cr, Initial creatine concentration, 10 mM 10 mM 8

Cr = Total creatine — PCr
V0 st Resting muscle O, consumption 1.2 M 1.2 uyM 8
Gl, Initial glucose and glycogen concentration 70 mM 65.4~84.4 mM 9
QO Resting blood flow of the calf muscle 30 mL/(min-L) 30 mL/(min-L) 10
tHb Total hemoglobin concentration, 15 g/dL 14.16 g/dL 11
tMb Total myoglobin concentration, 4.7 mg/g 4.7 mg/g 12
Py, O, partial pressure of capillary 40 mmHg 40 mmHg 13
Py, O, partial pressure of tissue (estimated value) Dynamic data
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