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A New Model for Oxygen Uptake Kinetics

in Heavy Exercise
Tokuo YANO™*!, Hisayoshi OGATA*? Takahiro YUNOKI*?® and Masaki ABE**

Background: We simulated the kinetics of oxygen uptake (Voz) in heavy exercise using
the sum of slow and fast components of Vo, that are formed by the following model
structure. After the onset of exercise, Voz in subunits (sub—Voz) participating in work
increases. When these subunits cease to take part in the work and other subunits
become involved in the work, Sub-Voz gradually decreases in the subunits that have
ceased to take part in the work and starts to increase in the subunits that have started
to participate in the work. Sub-Voz is added during this relay of subunits.
Methods: To form the fast component, the kinetics of sub-Voz is assumed to be
symmetric at the on- and offset of exercise. To form the slow component, the kinetics
of sub-Voz is assumed to be asymmetric. Voz kinetics actually measured was anal-
yzed using a mathematical model to obtain the basic parameters for the simulation.
Since the structure of the model for the simulation differs from that of the mathemati-
cal model, we selected the values of parameters obtained in the mathematical model
so as to fit to the present model structure.

Results: The Voz kinetics simulated is coincident with the Voz kinetics actually
measured not only in exercise but also during recovery.

Conclusion: Voz kinetics in heavy exercise can be constructed by the model structure
proposed in the present study and by selecting the data analyzed by the mathematical
model.

Key words: model, fast component, slow component, oxygen uptake, exercise.

In the moderate exercise, oxygen uptake (Voz) becomes constant after an initial rapid
increase (fast component), whereas "/'02 in the heavy exercise shows a gradual increase
(slow component) after the initial rapid increase®®*. The Voz kinetics in the heavy
exercise has been studied using mathematical models. In one model, the gradual increase
is usually expressed as an increase added the rapid increase, i.e., two components have time
delay®**, In another model, Voz kinetics is separated into two components of fast and
slow, i.e., two components start at the same time . The former model is generally used
in recent years. However, not all researchers agree with the concept of a delay onset”.
There is still debate over whether the two phases are physiologically best described with

common or independent time delay.
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We used the mathematical model with common time delay and examined the relation
between the magnitude of the slow component and the muscle fatigue®. It was found that
maximal power output (MPO) exerted immediately after the end of the exercise reduced
from resting level due to muscle fatigue during heavy exercise and the reduction of MPO
was significantly related to the magnitude of the slow component of Voz. The results
were interpreted as follows: Phosphocreatine (PCr) re-synthesis would be slow in fast
twitch fibers® and newly working muscle fibers instead of fatigued muscle fibers (fast
muscle fibers) would start to consume PCr, resulting in accumulation of creatine (Cr).
Since Cr is thought to be a controller of Vozlo, the increased level of Cr would cause an
increase of \702.

Although mathematical expressions in the models inherit the structure of \702 kinetics,
its structure is different from that of the above-mentioned interpretation. However, we do
not have a mathematical model with the structure proposed in the present study. There-
fore, we made the simulation instead of the mathematical model. The simulated Voz
kinetics was, then, compared with actual data so as to examine whether the structure of

the model proposed in the present study is proper in quantity.

Methods

Analysis of actual data of "702

We analyzed the \702 kinetics in heavy exercise using the mathematical model to
.obtain the values of parameters for the simulation. For this purpose, we selected a typical
result of Voz kinetics from our experiments. In this experiment, a cycle ergometer was
used for the load, with work at zero watts before and after the main exercise and at 170
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Fig. 1. Oxygen uptake measured in heavy exercise. Exercise before
and after the main exercise was performed at zero watts.
Main exercise was performed at 170 watts.
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watts during the main exercise. This load corresponded to VT -+ 0.25 - (Vozpeak -VT),
where VT is the value of Voz at ventilatory threshold and Vozpeak is the peak value
determined in incremental exercise. Voz kinetics is shown in Figure 1. Data are output
every 15 sec. Voz at work above zero watts was approximated by the following equa-
tion®®;

Vo, ©)=A, * (1—exp(—(t—TD)/ 7))+ A, - 1—exp(—(t—TD)/=)) 1)

where A is the amplitude of the system, TD is time delay, = is the time constant of the
system and t is the time.

Voz after the loaded cycling was approximated by the following equation'!:

Vo, (=Vo,end—(A, * (1—exp(—(t—TD)/m)+A, - (1—exp(—(t—TD)/z) ()
where Vozend is the above-zero-watts Voz just before completion of exercise at 170 watts.

Voz kinetics for 3 min after start of the exercise was also approximated by the
following equation.

Vo, ()=A, * (1—exp(—({t—TD)/n)). ®

The initial \'702 values in the main exercise and recovery periods were not included in
the approximation data in order to eliminate the effect on approximation of the initial
cardiodynamic phase of Voz response®’?,

As shown in the simulation results of Figures 3 and 4, there is a fluctuation in Voz
kinetics corresponding to delay interval (see detail in results). Therefore, we determined
the fluctuation in \'foz kinetics actually measured. First, the differences between the
values of Voz during exercise and the values obtained by Eq.(1) were calculated (residual).
Second, three-points moving average was obtained to smooth data of residuals (Fig. 2). A
power spectrum of the residuals before averaging was also obtained by fast Fourier
transformation (FFT: Fig. 2).

Simulation

We hypothesized that the oxygen uptake not only consists of the oxygen uptake
related to work but also the oxygen debt during recovery from fatigue occurring in some
muscle fibers (subunit) during exercise. The following simulation was performed: Exer-
cise was assumed to continue by a relay of subunits. The oxygen uptake kinetics in a
subunit was assumed to exponentially increase for on-transition and to exponentially
decrease for off-transition (sub-Voz). ‘When a subunit is relayed, subVoz at the offset of
the preceding subunits is added to sub-Voz at the onset of the on-going subunit (relay~Vog).
Based on these serial summations, we calculated the kinetics of relay-Voz shown as open
triangles in the upper panel of Figure 3. Exercise duration was set at 10 min. Therefore,
relay-Voz kinetics after 10 min expresses the recovery phase (lower panel of Fig. 3). The
relayVoz during recovery was calculated by summing the sub-Voz at the offset of each
subunit at a given recovery time.

The quantitative calculation is as follows: It was assumed that the subVoz kinetics of

a subunit increases for on-transition as represented by the following equation:
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Fig. 2. Differences between values of oxygen uptake obtained
by the approximation equation and measured values (residual).
Three-pointmoving averages are connected by a thick line (upper panel).
Power spectrum is normalized by maximal value (lower panel).

Sub-Vo, (t)=A * (1—exp(—(t—D - (n—1)/7)) ()
D-n—1)<t<D-*n
where A is the amplitude of the system, 7 is the time constant of the system, D is the relay
interval, n is the number of subunit order and t is time. D - (n—1) is a parameter for
converting the real time to the time in the subunit. For example, if the relay interval is
0.5 min and the order of subunit is the 5%, the working time of the 5™ subunit ranges from
2 min to 2.5 min and Eq.(4) becomes A - (1—exp(—(t—2)/z). When the time passing from
the start of the exercise is 2 min, the time passing within the 5% subunit becomes 0 min.
Sub-Voz kinetics for off-transition is represented by the following equation:
Sub-Vo, (t)=Vo2end - exp(—(t—D  n)/7) 5)
D-n<t
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Fig. 3. Kinetics of oxygen uptake at the on- and offset of subunit. The subunit
is relayed at 1-min intervals. The upper panel shows simulation at the
beginning of exercise. Oxygen uptake kinetics at the onset of subunit
ends at 1 min and enters the recovery phase. The oxygen uptake kinetics
in the next subunit starts from the beginning of this recovery phase. At
this time, summation of oxygen uptake of subunits occurs. The totals of
these serial summations are shown by open triangles as the relay oxygen
uptake. The lower panel shows simulation at the ending of exercise and
simulation during the recovery phase after 10 min exercise. Note that
only oxygen uptake at the offset of subunit is summed during the recovery.

where Vogend is the value of \'/02 at the end of exercise in the subunit. D -nis also a
parameter for converting the real time to the recovery time in the subunit. Sub-Voz for
off-transition starts at the end of the subunit’s activity and continues until its value
becomes zero.

Figure 3 shows the sub-'\'/'o2 kinetics when the amplitude is 100 ml/min, the time
constant at the onset of subunit is 0.5 min, the time constant at the offset of subunit is 2.0



6

min and the relay interval is 1.0 min. Relay-Voz at a given time is the sum of sub-\‘/'o2 for
on-transition of the ongoing subunit and sub-\'/'oz for off-transition of the preceding
subunits.

Parameter values used in the simulation for basic kinetics

The amplitude of Vo, kinetics for the subunit was 100 ml/min. The time constant at
the onset of subunit was set at 0.5 min in the simulation. We referred to the time constant
actually determined for the initial 3 min (Table 1). Time constants at the offset of subunit
were set at 0.5, 1.0 and 2.0 min in the simulation. We referred to the actual time constants
of fast and slow components at the offset of exercise (Table 1).

Figure 2 shows the residuals. The moving average of the residuals between these
values appears to fluctuate periodically (at approximation 2-min intervals). The lower
figure shows a power spectrum obtained by FFT. The peak appears when the wavelength
is about 2 min. Shorter wavelengths can be seen. Therefore, three intervals of subunit
relay (0.5, 1.0 and 2.0 min) were used in the simulation. Exercise duration which is the sum
of relay intervals was set at 10 min. Therefore, kinetics after 10 min expresses the
recovery phase.

Parameter values used in simulation for fast and slow components

The amplitude of subunit was 1400 ml/min. The time constant was set at 0.5 min at
the onset of subunit and at 0.5 min at offset of subunit. Using these values, Sub-Voz
kinetics for on- and off-transitions was calculated. Then, relayVoz kinetics was calcu-
lated by summation of sub-Voz. Relay-Voz during exercise was defined as the fast
component for on-transition (fast on-component) and relay-\./'o2 during recovery was
defined as the fast component for off-transition (fast off-component).

The amplitude of subunit was 300 ml/min. The time constant of subunit was set at
0.5 min at the onset of subunit and at 2 min at the offset of the subunit. Using these values,
sub—\.fo2 kinetics was calculated. Then, relay-’\./'oz kinetics was calculated by summation
of sub~\702. Relay-Vog during exercise was defined as the slow component for on-
transition (slow on-component) and relay-\'/o2 during recovery was defined as the slow
component for off-transition (slow off-component).

Table 1. Parameters obtained from oxygen uptake kinetics measured
in exercise and recovery.

fast component slow component
A, t A, t, TD
1/min min I/min min min
Exercise 1.76 0.48 - - 0.34
1.38 0.34 0.72 2.75 0.36

Recovery 1.67 0.44 0.36 1.98 0.37
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Three relay intervals were used (0.5, 1.0 and 2.0 min) to compare the fitting for Voz
kinetics actually measured.

Results

Effects of time constant at the offset of subunit and relay interval.

Figure 4 (upper figure) shows the kinetics of relay-Voz. The amplitude of sub-Vo, was
set at 100 ml/min and the time constant for on-transition was set at 0.5 min. The effects
of the time constant of sub-Voz for off-transition (0.5, 1.0 and 2.0 min) on relay-Voz are
shown in each panel. The upper, middle and lower panels show the relay-Voz in the cases
of an interval of 0.5, 1.0 min and 2.0 min, respectively. When the time constants of sub-Voz
for on- and off-transitions were the same, the relay-'\'/'o2 kinetics was the same as the
originally assumed sub-Voz kinetics. However, when the time constant for sub-Voz for
off-transition was longer than that for on-transition, the relay-Voz kinetics was greater
than the amplitude of the originally assumed sub-Voz kinetics (100 ml/min). Moreover,
the relay-’\'/'oz increased rapidly when the relay interval was short. Fluctuation in relay-
Voz was observed. When the interval became longer, both the wavelength and wave-
amplitude of relay-Voz fluctuation increased.

The relay interval of subunit did not affect the recovery time. The recovery time of
relay-Voz was related to the value of the time constant assumed in sub-Voz for off-
transition. When time constants of sub-Voz for off-transition were 0.5 1.0 and 2.0 min, the
recovery times were 2.0, 4.0 and 8.0 min, respectively.

Simulation for fast and slow components

Figure 5 shows Voz kinetics for the fast component, slow component and sum of their
components. The approximated values at the end of exercise decreased as the relay
interval increased. Flexion points were recognized when intervals were one or two min.
Thereafter wave appeared. Its wavelength was interval dependent. Thus, in the graphs,
it seems that the \702 kinetics before and after 2 min are different. The recovery times for
the fast and slow off-components were 2 and 8 min, respectively.

Figure 6 shows the sum of the slow and fast components obtained from the simulation
and the actually measured values of Voz kinetics. Since the measured values include a
time delay from active muscles to the lungs, the simulation values were plotted with 15 sec
delay after the onset of exercise. In the initial stage of exercise, the values obtained under
the three simulation conditions were coincident with the measured values. In the latter
half of the exercise period, the approximated values obtained from the simulation were
higher than the measured values when the relay interval was 0.5 min, almost the same as
the measured values when the relay interval was 1.0 min, and lower than the measured
values when the relay interval was 2.0 min. When simulated Voz at 10 min during the
exercise was high, the simulated Voz in the first half of the recovery was high, and when
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Fig. 4. Effects of the relay interval and time constant at the offset of
subunit on relay oxygen uptake. The relay oxygen uptake kinetics
calculated with the time constant of subunit for off-transition set
at 0.5 (O), 1.0 (A) and 2.0 min (@) are shown. The upper, middle
and lowerpanels show the oxygen uptake kinetics when the relay
interval was set at 0.5, 1.0 and 2.0 min, respectively.
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Fig. 5. Simulatd values of oxygen uptake kinetics in the slow component (O) and
fast component (A). The solid circles show the summed values of oxygen
uptake kinetics in the slow and fast components. The oxygen uptake
kinetics for the slow component was calculated with a time constant of 2
min for offset of subunit. The oxygen uptake kinetics calculated with
relay intervals of 0.5, 1.0 and 2.0 min are shown in the upper, middle and
lower figures, respectively (See text for details.).
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it was low, the value of the first half was low. However, in the latter half of the recovery

period, the simulated values were almost the same as the measured values in all cases.

Discussion and conclusions

As the structure of the present model is different from that of the mathematical model
concerning the beginning of exercise, the time constants obtained by separation using the
mathematical model were not used in the present study. Instead, we adapted the time
constants of 0.5 min to form slow and fast on-components. As the time constant at the
onset of moderate exercise is reported to be around 0.5 min®, this value is acceptable for
the fast component. In the present study, the time constant was determined at the onset
of exercise for 3 min. This value was around 0.5 min. Therefore, we selected the value
of 0.5 min to form the slow on-component. Otherwise, the time constant to form the sum
of the fast and slow on-components becomes a different value from 0.5 min.

In the present study, simulation of the \702 kinetics was carried out with amplitudes to
form the fast and slow on-components set at 1400 ml/min and 300 ml/min, respectively.
The amplitude of the fast on-component determined using the mathematical model was
used as the amplitude of sub-\./'o2 while the time constant determined was not used as the
time constant of sub-Vo,. We considered that kinetics of the fast on-component estimated
using the mathematical model is misleading at the beginning of the exercise but becomes
the proper value at the end of exercise. The amplitude of 300 ml/min was obtained by
subtracting the amplitude (1400 ml/min) of the fast on-component from the amplitude (1700
ml/min) estimated in actual Voz kinetics for the initial 3 min. The estimated amplitude
was used because the gain that is obtained by dividing the amplitude estimated by the work
rate performed is coincident with the reported ones®*2,

The time constant at the offset of subunit to form the slow on-component was set at
2 min. This was derived from the values determined in recovery Vog using the mathemati-
cal model. It has been reported that the slow off-component is not observed in the
recovery period following moderate or heavy exercise but the slow off-component can be
observed in the recovery period following exercise of greater intensity®. On the other
hand, it has been reported that the slow off-component appears in the recovery period
following heavy exercise’!!, although the range of time constants obtained in those studies
is large. The time constants used in the present study are not as long as those obtained
in early studies but are not exceptionally short compared to those obtained in recent
studies™.

The fast on-component was obtained using the same time constants at the on- and
offset of subunit. Therefore, relay-\./o2 is not affected by the relay. Since the slow
on-component was obtained using different time constants at the on- and offset of subunit,
relay»Voz can be affected by the relay. A relay interval of 1-2 min seemed appropriate for
comparison of the measured and simulated values. Moreover, in the measured values of



A New Model for Oxygen Uptake Kinetics in Heavy Exercise

2500
2000
1500
1000
500
0]
-500

Vo. (ml/min)

2500
2000
1500
1000

500

Vo. (ml/min)

-500

2500
2000
1500
1000

500

Vo, (mi/min)

-500
0 5 10 15 20

Time (min)

Fig. 6. Comparison of measured values and values obtained by simulation. The
values obtained by simulation are the same as those shown in Fig. 5.
The values calculated with relay intervals of 0.5, 1.0 and 2.0 min are
shown in the upper, middle and lower figures, respectively. Talking into
account the time delay included in the measured values, the simulation
values were plotted from 15 sec after the onset of exercise.
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Voz kinetics, a flexion point was observed at 2 min (Fig. 1). In previous reports, this
flexion point was regarded as the point of increase in additional Voz or, in other words, the
starting point of the slow on-component although this is not clearly referred to in the
literature®>'*.  Judging from the results of the simulation, this view may have arisen
because the time when the first or second relay occurred was regarded as the starting point
of the slow on-component.

To form the fast on-component, the kinetics of sub-Voz was assumed to be symmetric
at the on- and offset of exercise. To form the slow on-component, the kinetics of sub-Vo,
was assumed to be asymmetric. Time constants at the offset of subunits to form the fast
and slow on-components were the same. Relay of subunit was taken into the present
model. We selected some of the parameter values obtained using the mathematical model
to simulate Voz kinetics in heavy exercise. None of the values of parameters obtained
using the mathematical model were used for the simulation since the structure of the
present model was different from that of the mathematical model. The Voz kinetics
simulated was coincident with the Voz kinetics actually measured not only in exercise but
also during recovery. Vog kinetics in heavy exercise can be constructed by the model
structure proposed in the present study and by selecting the data analyzed by the mathe-
matical model.
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