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Introduction

Abstract

A computer model of the skeletal muscle bioenergetic system was used to simu-
late time courses of muscle oxygen consumption (VO,), cytosolic metabolite
(ADP, PCr, P;, and ATP) concentrations, and pH during whole-body constant-
power exercise (CPE) (6 min), step-incremental exercise (SIE) (30 W/3 min),
and slow (10 W/min), medium (30 W/min), and fast (50 W/min) ramp-incre-
mental exercise (RIE). Different ESA (each-step activation) of oxidative phos-
phorylation (OXPHOS) intensity-ATP usage activity relationships, representing
different muscle fibers recruitment patterns, gave best agreement with experi-
mental data for CPE, and for SIE and RIE. It was assumed that the muscle VO,-
power output (PO) nonlinearity is related to a time- and PO-dependent
increase in the additional ATP usage underlying the slow component of the
VO, on-kinetics minus the increase in ATP supply by anaerobic glycolysis lead-
ing to a decrease in VO,. The muscle VO,-PO relationship deviated upward (+)
or downward (—) from linearity above critical power (CP), and the nonlinearity
equaled +16% (CPE),+12% (SIE), +8% (slow RIE), +1% (moderate RIE), and
—2% (fast RIE) at the end of exercise, in agreement with experimental data.
During SIE and RIE, changes in PCr and P; accelerated moderately above CP,
while changes in ADP and pH accelerated significantly with time and PO. It is
postulated that the intensity of the additional ATP usage minus ATP supply by
anaerobic glycolysis determines the size of the muscle VO,-PO nonlinearity. It
is proposed that the extent of the additional ATP usage is proportional to the
time integral of PO - CP above CP.

Only whole-body variables, such as pulmonary VO,

Step-incremental exercise (SIE) and ramp-incremental
exercise (RIE) (Whipp et al. 1981; Davies et al. 1982;
Hansen et al. 1987; Zoladz et al. 1995; Rossiter 2011;
Murgatroyd et al. 2014; Keir et al. 2016) are frequently
applied in “pure” studies in human muscle physiology as
well in medical diagnostics and exercise efficiency deter-
mination in sport sciences and practices.

In SIE and RIE power output (PO) can increase with
different speed with time. For instance, PO can be ele-
vated step-wise by 30 W every 3 min (SIE, 30 W/3 min)
or increase continuously with time at speed of 10 W per
min (slow RIE, 10 W/min), 30 W per min (medium RIE,
30 W/min), or 50 W per min (fast RIE, 50 W/min).

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

kinetics or blood lactate and blood pH, were measured or
estimated in these kinds of exercise. On the other hand,
such variables concerning directly the skeletal muscle
bioenergetic system kinetic properties during exercise as
muscle VO,, PCr, and cytosolic ADP, P;, ADP, and
pH that can be measured for constant-power exercise
(CPE) in contracting calf (Allen et al. 1997) or in
quadriceps during knee extension (Krustrup et al. 2009;
Cannon et al. 2014) were not measured in whole-body
(e.g., cycling) SIE and RIE, mostly because of technical
difficulties.

The nonlinearity in the pulmonary VO,-PO relation-
ship is observed in CPE, SIE, and RIE above critical
power (CP) (see below). This nonlinearity in SIE was
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VO,-Power Output Non-Linearity Versus Exercise Modes

related to the slow component of the VO, on-kinetics
(Zoladz et al. 1995, 1998). The nonlinearity in the pul-
monary VO,-PO relationship seems to be significantly
greater in SIE than in medium RIE (24). In ramp-incre-
mental exercise (RIE) the nonlinearity of the pulmonary
VO,-PO relationship tends to be highest in slow RIE,
medium in medium RIE, and lowest (negative, downward
deviation) in fast RIE (Whipp et al. 1981; Davies et al.
1982; Hansen et al. 1987; Zoladz et al. 1995; Scheuer-
mann et al. 2002; Rossiter 2011; Murgatroyd et al. 2014;
Keir et al. 2016) (see Discussion). The mechanisms
underlying the VO,-PO nonlinearity and the differences
in its size in various exercise modes are not fully
understood.

The slow component of the VO, on-kinetics is an addi-
tional oxygen consumption above the principal (phase II)
component of the VO, on-kinetics present in intensive
exercise. The slow component appears just after exceeding
the lactate threshold (LT), that is PO above which the
blood lactate is elevated (Jones et al. 2011), and increases
progressively with time when PO exceeds the so-called
critical power (CP) (Jones et al. 2010; Poole et al. 2016).
CP, which corresponds to ~50-80% of the maximum
oxygen consumption VOimax in healthy adults, is repre-
sented by the asymptote of the hyperbolic power versus
time to exercise intolerance relationship (Poole et al.
1988; Jones et al. 2010). Therefore, CP is considered as
physiological index of exercise intensity in humans above
which no steady-state in muscle metabolites such as PCr,
P;, ADPg.., and H' can be maintained and the permanent
slow component of the VO, on-kinetics appears (Poole
et al. 1988; Jones et al. 2010; Rossiter 2011). It has been
proposed that the progressively increasing in time slow
component of the VO, on-kinetics is mainly caused by a
linear increase with time of the additional ATP usage
above CP (Korzeniewski and Rossiter 2015; Korzeniewski
and Zoladz 2015). It has been demonstrated that majority
(about 85%) of the magnitude of the pulmonary
slow component originates within skeletal muscles (Poole
et al. 1991).

The pulmonary VO, on-kinetics reproduces well the
muscle VO, on-kinetics in pedaling of moderate intensity
and knee-extension CPE of moderate and high intensity
(Grassi et al. 1996; Krustrup et al. 2009). This implies
that oxygen delivery limitations do not play a significant
role in these conditions. However, this does not need to
be the case in the whole-body (e.g., cycling) step-incre-
mental and ramp-incremental exercise, especially at
higher work intensities (Rossiter 2011).

It has been postulated that a major mechanism
responsible for the regulation of the skeletal muscle and
heart bioenergetic system, especially oxidative phospho-
rylation (OXPHOS), during work transitions is each-step
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activation (ESA) (Korzeniewski 1998, 2003, 2007, 2017b;
Korzeniewski and Zoladz 2004; Korzeniewski and Ros-
siter 2015). According to this mechanism, not only ATP
usage and NADH supply but also all OXPHOS com-
plexes (complex I, complex III, complex IV, ATP syn-
thase, ATP/ADP carrier, and P; carrier) and glycolysis
are directly activated by some cytosolic mechanism dur-
ing the rest-to-work or low-to-high work transition in
skeletal and heart muscle cells. While ESA is essentially
the only mechanism acting in intact heart in situ, where
metabolite concentrations are approximately constant
during work transitions, in skeletal muscle it cooperates
with the negative feedback through the increase in ADP
and P; (Liguzinski and Korzeniewski 2006; Korzeniewski
2017b).

It was postulated that the ESA intensity (Aox) depends
in a saturating manner on the ATP usage activity (Ayr)
during voluntary CPE in humans (Korzeniewski 2018).
Such a saturating-type Aox-Ayr dependence, when sup-
plemented with the additional ATP usage above CP,
underlying the slow component of the VO, on-kinetics
(Korzeniewski and Rossiter 2015; Korzeniewski and
Zoladz 2015), was able to represent correctly various
kinetic properties of the skeletal muscle bioenergetic sys-
tem in humans during constant-power voluntary exercise
(Korzeniewski 2018). On the other hand, the power-type
Aox-Ayr relationship seems to be present in electrically
stimulated skeletal muscle (Korzeniewski 2018). It was
postulated that the difference between these two systems
is due to different muscle fibers recruitment patterns
(Korzeniewski 2018).

The first aim of this theoretical study is to propose the
mechanism(s) underlying the VO,-PO nonlinearity in
skeletal muscle and the differences in the size of this
nonlinearity in various exercise modes. In particular, the
following exercise modes are considered explicitly: con-
stant-power exercise (CPE) (300 W, lasting 6 min), step-
incremental exercise (SIE) (30 W/3 min), as well as slow
(10 W/min), moderate (30 W/min), and fast (50 W/min)
ramp-incremental exercise (RIE). The second aim is to
decide whether the regulation of OXPHOS is the same in
CPE, on the one hand, and in SIE and RIE, on the other
hand. Third, this study is intended to predict the changes
over time of muscle VO,, ADP, PCr, P;, and pH in all
considered exercise modes. These variables were not mea-
sured experimentally in SIE and RIE, mostly because of
technical difficulties.

It was assumed, in order to reproduce appropriately
experimental data, that while the saturating-type Aox-Aur
relationship is present in CPE, then the kinetic properties
of the skeletal muscle bioenergetic system in SIE and RIE
are better explained by the declining-type Aox-Ayr rela-
tionship. It was assumed that the muscle VO,-PO
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nonlinearity and its magnitude is related to the increase
in VO, due to the time- and PO-dependent increase in
the additional ATP usage underlying the slow component
of the VO, on-kinetics minus the decrease in VO, due to
an increase in ATP supply by anaerobic glycolysis.

It is hypothesized that for the assumptions made
within the model the muscle the VO,-PO nonlinearity
will be greatest and positive (upward deviation) in CPE
(300 W, 6 min), smaller in SIE (30 W/3 min), even
smaller in slow RIE (10 W/min), in medium RIE
(30 W/min), and smallest (in fact negative, downward
deviation) in fast RIE (50 W/min). It is hypothesized
that the Aox-Ayr relationship is different in CPE, on
the one hand, and in SIE and RIE, on the other hand,
due to different muscle fibers recruitment patterns. It is
expected that (end-step) PCr will decrease and (end-
step) P; will increase linearly with time and PO in SIE
and in RIEs of different steepness below CP, while these
changes will accelerate moderately above CP. It is
expected that the increase in ADP and decrease in pH
will significantly accelerate with PO and time at all PO
values.

Generally, it is postulated that the size of the muscle
VO,-PO nonlinearity in various exercise modes is propor-
tional to the intensity of the additional ATP usage minus
the intensity of ATP supply by anaerobic glycolysis. It is
proposed that the extent of the additional ATP usage is
proportional to the time integral of the PO - CP differ-
ence above CP. It is argued that the regulation of
OXPHOS is different in CPE, on the one hand, and in
SIE and RIE, on the other hand.

Theoretical Methods

Abbreviations

The following abbreviations are used throughout the
text: Aox, ESA intensity (relative OXPHOS activity);
Ay, relative ATP usage activity; CP, critical power;
CPE, constant-power exercise; ESA, each-step activation;
OXPHOS, oxidative phosphorylation; PO, power output;
SIE, step-incremental exercise; RIE, ramp-incremental
exercise; T,, characteristic transition time of the primary
phase of the VO, on-kinetics; and fy¢3, time to reach
63% of the VO, amplitude, analogous to t,. Other
abbreviations are used only in equations within this
Theoretical Methods section and are defined in the place
of their appearance.

Ethical approval

This is a purely theoretical study that did not involve any
experiments on humans or animals.
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Computer model

The computer model of OXPHOS and the entire bioener-
getic system in intact skeletal muscle (Korzeniewski and
Zoladz 2001; Korzeniewski and Liguzinski 2004; Korze-
niewski and Rossiter 2015; Korzeniewski 2018) was used
in the simulations carried out in this study. This model
comprises explicitly the NADH supply block (TCA cycle,
fatty-acid f-oxidation, MAS, etc.), particular OXPHOS
complexes (complex I, complex III, complex IV, ATP syn-
thase, ATP/ADP carrier, and P; carrier), proton leak
through the inner mitochondrial membrane, glycolysis
(aerobic and anaerobic), ATP usage, creatine kinase (CK),
and proton efflux/influx to/from blood. The complete
model description is located on the website: http://awe.
mol.uj.edu.pl/~benio/.

Computer simulations

Each-step activation (ESA) intensity-ATP usage
activity dependence

The relative activity of ATP usage Ayr (relative increase
in its rate constant kyr in relation to rest) between 1
(rest) and 105 (maximum Ayr) was used in computer
simulations.

The phenomenological (averaged over whole muscle)
dependence of Agx on Ayt is most probably different in
various modes of muscle work and depends on the pat-
tern of muscle fiber recruitment by motor units (Henne-
man et al. 1965a,b) at different work intensities. In
electrically-stimulated muscle during CPE all fiber types
(predominantly oxidative type I and Ila fibers with high
ESA intensity as well as predominantly glycolytic type IIx
and IIb fibers with low ESA intensity) are recruited simul-
taneously at all stimulation frequencies/work intensities/
ATP usage activities. The increase in work intensity is
simply due to the increase in stimulation frequency. It
has been demonstrated (Korzeniewski 2018) that the
kinetic properties of the bioenergetic system in electrically
stimulated muscle can be satisfactorily accounted for by
the power-type Apx-Ayr relationship:

Aox = ARX (1)

where Apgx (ESA, each-step activation intensity) is the rel-
ative OXPHOS (+ NADH supply) activity (activation in
relation to rest), Ayt is the relative ATP usage activity
(activation in relation to rest), and the power coefficient
Pox is a measure of ESA strength (pox = 0.45 was used
in Korzeniewski 2018 and in this study).

In CPE during voluntary exercise (cortically stimulated
muscle) a mixture of different fiber types is recruited at
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different work intensities, with the fraction of glycolytic
type IIx and IIb fibers with low ESA intensity increasing
with work intensity (power output). Thus, only or mostly
oxidative type I and Ila fibers with high ESA intensity are
recruited at the onset of exercise at low work intensities,
while a mixture of oxidative type I and Ila fibers as well
as glycolytic type IIx and IIb fibers with low ESA intensity
is recruited at the onset of intense CPE in cortically stim-
ulated muscle. Nevertheless, even at highest work intensi-
ties a mixture of oxidative and glycolytic fibers is
recruited at the onset of exercise. It was shown (Korze-
niewski 2018) that the kinetic system properties in this
situation can be well reproduced using the saturating-type
Aox-Ayr relationship:

Aur—1 ) 2)

Aox = 1 + Aox max ((AUT “ 1) + Ko,
where Apx (ESA, each-step activation intensity) is the rela-
tive OXPHOS (+ NADH supply) activity (direct activation
in relation to rest), Ayt is the relative ATP usage activity
(activation in relation to rest), Aoxmax = 5 is the maximum
Aox—1 (thus, maximum Apx = 6), and Kyyt = 5 is the
half-saturating Ayt value for the increase in Agx.

Finally, in SIE and RIE most probably only or mostly
oxidative, fatigue-resistant type I (and Ila) muscle fibers
with high ESA intensity are recruited in the initial period
of exercise at low power outputs below CP (Jones et al.
2010; Poole et al. 2016). As the exercise intensity increases
with time above CP, still greater and greater proportion
of glycolytic, fatigue-susceptible type IIx and IIb muscle
fibers with low ESA intensity is recruited. Finally, at high-
est power outputs, only or mostly type IIx and IIb muscle
fibers are recruited. In order to express this system prop-
erty within one-compartment computer model used in
this theoretical study, it was assumed that the overall phe-
nomenological Aox-Ayr dependence is rather declining
than saturating in SIE and RIE. Such a declining-type
Aox-Ayr relationship was represented in the form of the
maximum ATP usage activity Aoxmax dependent on the
relative ATP usage activity Ayr:

Auro — AUT) 3)

AOXmaX = AOXmaxO (
Auro

where Aoxmaxo = 8 is the “initial” (for very low power out-
puts) Aoxmax and Ayre = 206 is the “reference” ATP usage
activity. The values of these parameters were adjusted in
order to represent appropriately experimental data, for
instance, the dependence of 7, on Ayr (power output) in
SIE and the size of the VO,-PO nonlinearity in SIE and
RIE, as well as reasonable values and their changes with
time and PO of muscle VO,, ADP, PCr, P;, and pH in SIE
and RIE.
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These three types of the Agx-Auyr relationship are pre-
sented in Figure 1. In the simulation concerning volun-
tary CPE, presented in Figure 2, single values of Aox and
Ay, with Agx calculated due to the saturating-type Aox-
Ayt relationship (Eq. 2) are wused. In simulations
concerning SIE and RIE, presented in Figures 3-8, the
declining type of the Agx-Ayr relationship (Egs. 2 and 3)
is used. In Figure 5, all three types were used for SIE for
comparison.

ATP usage activity/power output

It was postulated that the additional ATP usage (Korze-
niewski and Rossiter 2015), underlying the slow compo-
nent of the VO, on-kinetics (Rossiter et al. 2002; Rossiter
2011; Korzeniewski and Rossiter 2015; Korzeniewski and
Zoladz 2015), appears when the relative ATP usage activ-
ity Ayt exceeds the critical ATP usage activity (related to
critical power; Jones et al. 2010; Poole et al. 2016). The
relative (scaled to 1 at rest) Ayt between 1 (rest) and 105
(maximum Ayt) was used in computer simulations. One
Ay unit is equivalent to ~3 W of power output (PO) for
whole-body exercise (e.g., cycling) (Korzeniewski 2018). It
is assumed in this study that unloaded PO equals 12 W.
Therefore, Ayr =1 corresponds to rest (total PO = 0);
Aur =5 (unloaded exercise) corresponds to total
PO = 12 W, unloaded PO = 12 W, and loaded PO = 0 W;
Ayr =15 (first step in SIE) corresponds to total
PO = 42 W, unloaded PO = 12 W, and loaded PO = 30
W; Ayr = 105 (maximum work) corresponds to total

each-step activation (ESA) intensity (A, )
[$)]

.y //’ declining-type
/ on'AUT
31 / // saturating-type dependence
' Aox-Aur
2+ / power-type dependence
1] on'AUT
dependence
0 T T T T T T T T T T T
0O 10 20 30 40 50 60 70 80 90 100 110 120

relative ATP usage activity (A;;)

Figure 1. Three types of the Aox (ESA, each-step activation
intensity)-Ayr (relative ATP usage activity) relationship: power type,
saturating type, and declining type. The power-type Aox-Aut
relationship was generated using Equation 1, saturating-type Aox-
Ayt relationship using Equation 2, and declining-type Aox-Aur
relationship — using Equations 2 and 3.
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PO =312 W,
PO =300 W.

The additional ATP usage, postulated to underlie in
CPE and SIE the slow component of the VO, on-kinetics,
appears when the relative ATP usage activity Ayt exceeds
the critical relative ATP usage activity Ayrqic (and thus

unloaded PO =12 W, and loaded

power output exceeds critical power) (Korzeniewski and
Rossiter 2015; Korzeniewski and Zoladz 2015; Korze-
niewski 2018). The rate (vwyraqq) of the increase in the
absolute additional ATP usage flux (rate in mmol/L
min~") Vyraqq is described in this study by the following
equation:

VWUTadd = kuTadd - Vut - (AuT — AUTerit) (4)

where vwraqq (mmol/L min~?) is the rate of the increase
in the absolute additional ATP usage flux (in mmo/L
min™") (VuTadd)> kUTada = 0.0005 min~" is the “rate con-
stant” of the increase in the absolute additional ATP
usage flux in time, Ayt is the relative normal (without
additional ATP usage) ATP usage activity (activation in
relation to rest) (unitless) and Ayreie = 60 (unitless) is
the critical relative ATP usage activity (corresponding to
critical power, that is total PO =177 W and loaded
PO = 165 W). This is the kinetic description of the activ-
ity of the additional ATP usage used in Korzeniewski
(2018) for whole-body CPE, modified in order to take
into account the increase of Ayt (and therefore PO) with
time in SIE and RIE. This equation implies that the addi-
tional ATP usage flux vyr.qq increases both with time
and with power output (ATP usage activity). In other
words, the current additional ATP usage is proportional
to the time integral of Ayt - Ayreip O, What is equiva-
lent, to the time integral of power output over critical
power (the PO - CP difference) above CP. The parameter
values, especially kyraqq> Were chosen in order to give
realistic values of the VO,-PO nonlinearity.

The total absolute ATP usage flux vyry (in mmol/L
min~") is equal to the sum of the normal and additional
absolute ATP usage flux:

VUTtot = VUT + VUTadd (5)

Work transitions in constant-power,
step-incremental, and ramp-incremental exercise

The transition from rest (Ayp = 1) to maximal work with
the relative ATP wusage activity Ayt = 105 (total
PO =312 W, loaded PO =300 W) was simulated in
CPE. This is demonstrated in Figure 2. The rate constant
of ATP usage kyr was increased Ayr times in relation to
rest. At the same time the activity of OXPHOS and
NADH supply was elevated Agx times (the rate constants
of complex I: k¢, complex III: kcs, complex IV: kcy, ATP

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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synthase: kgn, ATP/ADP carrier: kgx, P; carrier kp;, and
NADH supply: kpy were increased Apx times) in relation
to rest. Glycolysis activity was increased Agp times (the
rate constant of glycolysis kg; was increased Agp times)
in relation to rest. Aox = 5.77 was calculated from Equa-
tion 2, while Agp equaled A%%S =12.93 (Korzeniewski
2018).

An instantaneous increase in the activity of ATP usage
(Auyr-fold increase in kyr) during on-transient was
applied in computer simulations for voluntary CPE. The
additional ATP usage activity increased with time accord-
ing to Equation 4. On the other hand, some delay in the
increase in the activity (ESA) of OXPHOS and glycolysis
during on-transient was assumed (it should be stressed
that the small delay in the increase in OXPHOS activity is
not equivalent to the increase in VO, related to both ESA
and ADP and P; increase). The time-dependent activation
after the onset of elevated work in CPE was described by
the following equation (Korzeniewski and Rossiter 2015):

myx = AX — (AX — l) . eit/t(ON%( (6)

where X is OX (oxidative phosphorylation + NADH sup-
ply) or GL (glycolysis), my is the current (at time f) rela-
tive activity of X (multiplicity of the rest value(s) of its
rate constant(s)), t(ON)y is the characteristic activation
time of X, and t is the time after the onset of exercise
(rest-to-work  transition), #(ON)px =3 sec and t
(ON)gL, = 6 sec (Korzeniewski and Rossiter 2015). The
simulated CPE lasted 6 min. In order to determine the
time to reach 63% of the VO, amplitude #,6; (analogous
to 1,,), a computer simulation without the additional ATP
usage was carried out.

Also a series of computer simulations for CPE, assum-
ing the saturating-type Aox-Ayr relationship, was carried
out in order to determine the muscle VO,-PO depen-
dence for CPE shown in Figure 9. In subsequent simula-
tions Ayt was increased from 5 (0 W loaded PO, 12 W
total PO) to 105 (300 W loaded PO, 312 W total PO).
The simulated exercise lasted 6 min.

Step-incremental exercise (Fig. 3) was started in com-
puter simulations from the baseline representing unloaded
work with Ayt = 5 (total PO = 12 W, loaded PO =0 W,
and unloaded PO = 12 W). Ayt was increased instanta-
neously by 10 Ayt units (30 W) after every 3 min. The
activity of OXPHOS (and NADH supply) was increased
in subsequent steps Aoy times in relation to rest, accord-
ing to Equations 2 and 3 (using the declining-type Aox-
Ayt relationship). The relative activity of glycolysis Agy
equaled Ay>*®. The time-dependent activation of
OXPHOS and glycolysis after the onset of elevated
work in subsequent steps was described by the following
equation:
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my = Al — (Al — A1) . e t/H(ON)x (7)

where X is OX (oxidative phosphorylation + NADH sup-
ply) or GL (glycolysis), my is the current (at time ¢) rela-
tive activity of X (multiplicity of the rest value(s) of its
rate constant(s)), Ay" is the X activity in a given step 1,
A" !is the X activity in the previous step n—1, {{ON)x
is the characteristic activation time of X, and ¢ is the time
after the onset of elevated work in step #,
t(ON)px = 3 sec and t(ON)gL = 6 sec, as for CPE. The
additional ATP usage activity increased above the critical
ATP usage activity (critical power) according to Equa-
tion 4. In order to determine fy¢; for each step, a com-
puter simulation without the additional ATP usage (and
thus the slow component of the VO, on-kinetics) was
made. However, this procedure gave only approximate
estimations of #;¢; values for particular steps in the pres-
ence of the additional ATP usage shown in Figure 3.

All three types of the Aox-Ayr relationships: power type
(Eq. 1), saturating type (Eq. 2), and declining type (Eqgs. 2
and 3) were used for step-incremental exercise in order to
compare their effect on muscle #,6;-PO relationship
presented in Figure 5. No additional ATP usage, and
therefore slow component of the VO, on-kinetics, was
assumed in order to extract the “pure” principal phase of
this kinetics.

Ramp-incremental exercise was started from the base-
line Ayr =5 (total PO = 12 W, loaded PO = 0 W, and
unloaded PO = 12 W) representing unloaded work. In
three different protocols (slow RIE, medium RIE, and fast
RIE) Ay increased linearly with time by 3.33, 10, and
16.67 Ayr units (10, 30, and 50 W) per min, respectively
(Figs. 6-8). The relative activity of OXPHOS (and NADH
supply) Aox increased according to Equations 2 and 3.
The relative activity of glycolysis Ac; equaled A%3°. The
additional ATP usage rate above the critical ATP usage
activity Ayreie (equivalent to critical power) increased in
time according to Equation 4.

It must be stressed that the same set of parameter val-
ues was used in all computer simulations concerning con-
stant-power exercise, step-incremental exercise, and
ramp-incremental exercise. Therefore, in real situation
they could concern one particular human subject. For this
reason, the results of simulations for different exercise
modes can be directly compared.

The oxygen concentration
assumed in all simulations.

0, = 30 umol/L  was

Theoretical Results

First, CPE for the standard parameter values and maxi-
mum loaded power output (300 W; Ayt = 105) used in
this study was simulated in order to establish a reference
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frame for further simulations concerning step-incremental
exercise and ramp-incremental exercise. The theoretical
results are presented in Figure 2. After the initial large
and quick increase in muscle VO, (due to ESA and rise
in ADP and P;), a clear slow component of the muscle
VO, on-kinetics can be observed (Fig. 2A), which was
due to the additional ATP usage that increased linearly
with time (Fig. 2C). ADP and P; rose significantly and
rapidly immediately after the onset of exercise, and then
increased with a lower pace (Fig. 2A and B). The elevated
ADP and P; further stimulated ATP supply by OXPHOS
(and glycolysis) and thus allowed to match the continu-
ously increasing ATP usage (the additional ATP usage).
PCr and pH slowly decreased with time after the initial
significant fall (pH transiently rose during first 20 sec of
exercise due to proton uptake by the creatine kinase-cata-
lyzed reaction) (Fig. 2A and B). ATP was supplied mostly
by creatine kinase (CK) at the onset of exercise, but ATP
synthesis was quickly taken over by OXPHOS and aerobic
glycolysis (Fig. 2C). Glycolysis (aerobic + anaerobic) was
significantly directly activated at the onset of exercise
(ESA of glycolysis), and afterwards was further activated
by an increase in ADP (within the model the explicit
dependence on ADP involves the implicit dependence on
AMP, P;, and other factors), and finally started to be sig-
nificantly inhibited by accumulating protons (a third-
order dependence on H': see Korzeniewski and Rossiter
2015). As a result, ATP supply by anaerobic glycolysis
first increased during first about 20 sec of exercise (reach-
ing at the peak almost 20% of total ATP supply) and then
started to decline significantly (Fig. 2C).

The simulated additional VO, over the principal
phase of the VO, on-kinetics (shown in Fig. 2A as a
thin solid line) in CPE, that is the slow component of
the VO, on-kinetics, reaches 16% after 6 min of exercise
(Fig. 2A). Of course, if a quicker increase in the addi-
tional ATP usage with time and PO is assumed, that is
a higher rate of the increase of the additional ATP usage
flux is used, a more pronounced slow component of the
VO, on-kinetics (and greater VO,-PO nonlinearity)
would appear. For the assumed high work intensity
(Ayr = 105, loaded PO = 300 W) and the size of the
additional ATP usage (Eq. 4) the constant-power exer-
cise demonstrated in Figure 2 could not be lengthened
to, for example, 30 min (like 30 W/3 min SIE or slow
10 W/min RIE), as much earlier a muscle fatigue would
take place because of a huge rise of ADP and P;, and
fall of PCr and pH or perhaps of other factors (1).

The simulated characteristic transition time of the prin-
cipal phase of the muscle VO, on-kinetics f,4; for transi-
tion from unloaded work (12 W), and thus zero loaded
work (0 W), to 300 W of loaded work in CPE equaled
~ 24 sec for the parameter values used in this simulation.
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Figure 2. Simulated time courses of muscle bioenergetic system variables during rest-to-work transition for intense voluntary constant-power
exercise (CPE) (6 min) for standard parameter values. (A) Changes in muscle VO, (in the presence, thick solid line, or absence, thin solid line, of
the additional ATP usage and thus slow component of the VOZ on-kinetics), cytosolic ADP, and pH; (B) changes in PCr, cytosolic ATP, and P;;
(C) changes in total ATP usage (vUT) (normal ATP usage + additional ATP usage), ATP supply by OXPHOS (+ aerobic glycolysis) (vOX), ATP
supply by anaerobic glycolysis (vGL), and ATP supply by creatine kinase (vCK). s.c., slow component of the VO, on-kinetics.

In SIE the slow component of the muscle VO, on-
kinetics appeared in the steps with PO above CP. This is
demonstrated in Figure 3A. PO in subsequent steps
increased by 30 W after each 3 min. The end-step (at the
end of particular steps) PCr decreased linearly with time

and PO, while end-step P; increased linearly with time
and PO below CP. These changes accelerated moderately
above CP (Fig. 3B). On the other hand, the increase in
the end-step ADP and decrease in the end-step pH accel-
erated significantly with time and PO at all POs,
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especially at highest PO values (Fig. 3A). The additional
ATP usage appeared in the steps with PO > CP (Fig. 3C).
This phenomenon, together with the declining-type Aox-
Ayr relationship, underlay (and determined the magni-
tude of) the slow component of the muscle VO, on-
kinetics and accelerated changes in PCr and P; above CP.
Generally, OXPHOS was the main ATP supplier in this
type of exercise. CK supplied some ATP at the beginning

B. Korzeniewski

glycolysis to ATP production was generally rather small,
although its absolute value increased with PO (Fig. 3C).
Nevertheless, the declining-type Aox-Ayr relationship
increased the contribution of anaerobic glycolysis to ATP
supply and enlarged changes in metabolites and pH.

The slow component of the muscle VO, on-kinetics
above CP leads to a significant nonlinearity of the muscle
and pulmonary end-step VO,-PO relationship in SIE (for

of each step, while the contribution of anaerobic instance, 30 W/3 min) (see Zoladz et al. 1995). This is
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Figure 3. Simulated time courses of muscle bioenergetic system variables during step-incremental exercise (SIE) (30 W/3 min) for standard
parameter values. (A) Changes in muscle VO, (in the presence, thick solid line, or absence, thin solid line, of the additional ATP usage and thus
slow component of the VO, on-kinetics), cytosolic ADP, and pH; (B) changes in PCr, cytosolic ATP, and P;; (C) changes in total ATP usage (vUT),
ATP supply by OXPHOS (+aerobic glycolysis), ATP supply by anaerobic glycolysis (vGL), and ATP supply by creatine kinase (vCK). s.c., slow

component of the VO, on-kinetics.
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Figure 4. Simulated muscle VOenp (VO; at the end of subsequent
steps)-power output (PO) relationship for step-incremental exercise
(SIE) extracted from Figure 3.

demonstrated in Figure 4, where the dependence of the
end-step VO, on power output (PO) extracted from Fig-
ure 3 is presented. One can see that in this case this nonlin-
earity equals 12%. Of course, this nonlinearity would be
greater if a faster increase in the additional ATP usage were
assumed (not shown).

The simulated dependence of ty4; of the VO, on-
kinetics on PO is strongly nonlinear in SIE for the declin-
ing-type Aox-Ayr relationship. This is demonstrated in
Figure 5. fj¢; increases from 18 to 48 sec (2.7-fold)
between 30 and 300 W of loaded work (power output).
However, these values are only approximate, as they were
obtained in a computer simulation for SIE without the
additional ATP usage, and thus the slow component of
the VO, on-kinetics. On the other hand, when the satu-
rating-type Aox-Ayr relationship, postulated to be pre-
sent in voluntary constant-power exercise (Korzeniewski
2018), was used in SIE, 543 was little dependent on
power output (PO): a slight decrease in its value with PO
from about 20 to 15 sec can be observed. Finally, when
the power-type Aox-Ayr relationship, postulated to be
present in electrically stimulated muscle (Korzeniewski
2018), was applied, fy43 dropped very significantly with
PO from 47 to 7 sec (Fig. 5).

In slow (10 W/min) RIE the increase in muscle VO,
with time and PO deviated from linearity for PO > CP.
This is demonstrated in Figure 6A. This nonlinearity
reached 8% at loaded PO = 300 W and resulted from the
additional ATP usage above CP proportional to the time
integral of the PO—CP difference (Fig. 6C) as well as
from the declining-type Aox-Ayr relationship that
increased the contribution of anaerobic glycolysis to ATP
supply. The VO,-PO nonlinearity would be even greater
if not the ATP supply by anaerobic glycolysis that

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 5. Simulated dependence of the characteristic transition
time of the principal phase of the muscle VO, on-kinetics to g3
(time to reach 63% of the VO, amplitude, equivalent to Tp) ON
loaded work intensity (power output, PO) in step-incremental
exercise (SIE) in the absence of the additional ATP usage, and thus
slow component of the VO, on-kinetics. Three types of the Aox
(ESA intensity)-Ayt (ATP usage activity) relationships were used:
power type (Eq. 1), saturating type (Eg. 2), and declining type
(Egs. 2 and 3).

somewhat decreased VO, at higher POs. PCr decreased
and P; increased linearly with time and PO below CP and
these changes moderately accelerated above CP (Fig. 6B).
On the other hand, the increase in ADP and decrease in
pH accelerated with time and PO at all POs (Fig. 6A).
The ATP usage increase with time and PO accelerated sig-
nificantly above CP in a decidedly nonlinear manner
(Fig. 6C). This was caused by the time- and PO-depen-
dent additional ATP usage that elevated the phenomeno-
logical ATP/PO ratio and thus phenomenological VO,/
PO ratio. ATP was supplied mostly by OXPHOS (+ aero-
bic glycolysis), with a certain contribution of ATP synthe-
sis by anaerobic glycolysis, especially at higher POs, and
negligible contribution of ATP production by CK
(Fig. 6C).

The simulated medium (30 W/min) RIE was qualita-
tively similar to slow RIE (10 W/min), although differed
from it quantitatively. This is demonstrated in Figure 7.
Overall (to the end of exercise) changes in VO,, PCr,
cytosolic P;, ADP, and pH (Fig. 7A and B) were smaller,
than in the previous case. The nonlinearity of the VO,-
PO relationship was much smaller. Although the same
initial (0 W, unloaded work) and end-exercise (300 W)
loaded PO was used for both kinds of RIE, the exercise
duration was threefold shorter for medium RIE
(10 min), than for slow RIE (30 min), as the increase in
PO in time was threefold faster in the former than in
the latter. Within the model, it was assumed that the
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Figure 6. Simulated time courses of muscle bioenergetic system variables during slow ramp-incremental exercise (RIE) (10 W/min) for standard
parameter values. (A) Changes in muscle VO, cytosolic ADP, and pH; (B) changes in PCr, cytosolic ATP, and P;; (C) changes in total ATP usage
(vUT), ATP supply by OXPHOS (+ aerobic glycolysis), ATP supply by anaerobic glycolysis (vGL), and ATP supply by creatine kinase (vCK).

size of the additional ATP usage is not only PO-depen-
dent but also time-dependent (compare Eq. 4). There-
fore, the additional ATP usage had much less time to
develop during medium RIE than during slow RIE. In
other words, the time integral of the PO - CP difference
above CP was much smaller. As a consequence, the end-
exercise additional ATP usage was much smaller in
medium RIE than in slow RIE (however, again, the non-
linearity of the VO,-PO relationship would be greater in
the absence of ATP supply by anaerobic glycolysis). This,
in turn, led to a much smaller positive nonlinearity of

2018 | Vol. 6 | Iss. 21 | e13915
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the muscle VO,-PO relationship in medium RIE (+ 1%)
than in slow RIE (+ 8%) (compare Figs. 6A and 7A).
Finally, this was also the reason of smaller overall
changes in metabolite levels and pH in the former than
in the latter.

The simulated fast (50 W/min) RIE differed quantita-
tively (although not qualitatively) from slow RIE even
more than medium RIE. This is demonstrated in Fig-
ure 8. The end-exercise additional ATP usage was signifi-
cantly smaller than in medium RIE, and even much more
smaller than in slow RIE, as it had much less time to

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 7. Simulated time courses of muscle bioenergetic system variables during medium ramp-incremental exercise (RIE) (30 W/min) for
standard parameter values. (A) Changes in muscle \702, cytosolic ADP, and pH; (B) changes in PCr, cytosolic ATP, and P;; (C) changes in total
ATP usage (vUT), ATP supply by OXPHOS (+aerobic glycolysis), ATP supply by anaerobic glycolysis (vGL), and ATP supply by creatine kinase

(VCK).

develop (the time integral of the PO - CP difference was

smaller). It was even smaller than ATP supply by anaero-
bic glycolysis (see Fig. 8C). While the additional ATP
usage elevated VO,, ATP supply by anaerobic glycolysis
diminished VO,. As a result, the nonlinearity of the

muscle VO,-PO relationship in fast RIE was negative (de-
viated downwards) (—2%), as the decrease in muscle VO,
due to the increase in ATP supply by anaerobic glycolysis
prevailed at high POs over the increase in muscle VO,
due to the additional ATP usage. For the same reason,
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Figure 8. Simulated time courses of muscle bioenergetic system variables during fast ramp-incremental exercise (RIE) (50 W/min) for standard
parameter values. (A) Changes in muscle VOZ, cytosolic ADP, and pH; (B) changes in PCr, cytosolic ATP, and P;; C, changes in total ATP usage
(vUT), ATP supply by OXPHOS (+aerobic glycolysis), ATP supply by anaerobic glycolysis (vGL), and ATP supply by creatine kinase (vCK).

also metabolites and pH changed less for the same PO
values than in slow and medium RIE (Fig. 8).

The dependence of muscle VO, on loaded work (power
output) was different for the three kinds of RIE, for SIE
and CPE. This is demonstrated in Fig. 9. Muscle VO, for
a given PO was highest in CPE (6 min), lower in SIE

2018 | Vol. 6 | Iss. 21 | e13915
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(30 W/3 min), slow RIE (10 W/min), medium RIE
(30 W/min), and lowest in fast RIE (50 W/min). This
was caused by the highest end-exercise additional ATP
usage in CPE and lowest end-exercise additional ATP
usage in fast RIE. On the other hand, the relative contri-
bution of anaerobic glycolysis (and creatine kinase) to

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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Figure 9. Simulated dependence of muscle VO, (end-exercise for CPE, end-step for SIE, and during exercise for RIE) on loaded work (power
output) for slow (10 W/min), medium (30 W/min), and fast (50 W/min) ramp-incremental exercise (RIE) as well as for step-incremental exercise

(SIE) (30 W/3 min) and constant-power exercise (CPE) (6 min).

ATP supply that lowers VO, and thus diminishes the
VO,-PO nonlinearity was comparable in all discussed
exercise modes (compare Figs. 3 and 6-8). The difference
between particular curves would be greater, if lower ESA
intensity, resulting in a longer t,¢3 (7,,) for CPE, was used
(not shown).

Discussion

The present theoretical study dealt with three main prob-
lems: 1. The form of the Aox (ESA, each-step activation
intensity)-Ayt (ATP usage activity) relationship in skeletal
muscle in different exercise modes; 2. The mechanisms
underlying the nonlinearity of the muscle VO,-PO rela-
tionship and the differences in its magnitude in various
exercise modes. The following exercise modes were consid-
ered: whole-body constant-power exercise (CPE) (6 min),
step-incremental exercise (SIE) (30 W/min), as well as slow
(10 W/min), medium (30 W/min), and fast (50 W/min)
ramp-incremental exercise (RIE), all with the same maxi-
mum loaded PO = 300 W; and 3. Time courses of muscle
VO,, metabolites (cytosolic ADP, PCr, P;, and ATP), and
cytosolic pH in CPE, SIE, and three modes of RIE.

Within the computer model used it was assumed that
the muscle VO,-PO nonlinearity constitutes a manifesta-
tion of the additional ATP usage magnitude minus ATP
supply by anaerobic glycolysis. The additional ATP usage
increased linearly with time and PO. Its magnitude was a
derivative of the time integral of the PO - CP difference

© 2018 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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above CP. Computer simulations demonstrated that vari-
ous exercise modes considered in this study can be
ordered in the following descending sequence taking into
account the size of the muscle VO,-PO nonlinearity: CPE
(+16%) > SIE (+12%) > slow RIE (+8%) > medium RIE
(+1%) > fast RIE (—2%). This theoretical study shows
that the time- and PO-dependent increase in the addi-
tional ATP usage can, at least potentially, explain the mus-
cle VO,-PO nonlinearity and account for the differences
in its magnitude between various exercise modes encoun-
tered in experimental studies (see below). The VO,-PO
nonlinearity was lessened, especially at higher POs, by an
increase in ATP supply by anaerobic glycolysis.

It was demonstrated that the declining-type Aox-Aur
relationship applied for SIE and RIE leads to a significant
increase in fg¢3; with PO in SIE. On the other hand, the
saturating-type Aox-Ayr relationship, showed previously
to describe well the system properties in CPE during vol-
untary exercise, results in fy4; that depends little on PO
(in fact slightly decreases with PO in SIE, but not in
CPE). Additionally, the declining-type Agx-Ayt relation-
ship leads to greater changes in metabolites and pH,
greater contribution of anaerobic glycolysis to ATP sup-
ply, and lower (or more negative) VO,-PO nonlinearity
in relation to the saturating-type Aox-Auyr relationship.
These predictions agree well with experimental data (see
below). Therefore, it is postulated that the phenomeno-
logical (averaged over the entire muscle) regulation of
OXPHOS is different in CPE, on the one hand, and in
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SIE and RIE, on the other hand. This difference is postu-
lated to result from different muscle fibers recruitment
pattern.

In CPE above CP, the simulated VO,, ADP, and P;
rose, whereas PCr and pH fell quickly and significantly
after the onset of exercise (pH after an initial overshoot),
and then changed with a moderate pace. This prediction
agrees well with numerous experimental data (see, e.g.,
ref. 34 for discussion). Computer simulations show that,
for the assumptions made, (end step) PCr decreases,
while (end step) P; increases linearly with time and PO
below CP in SIE and RIE, and that these changes acceler-
ate moderately above CP. On the other hand, the increase
in (end step) ADP and decrease in (end step) pH acceler-
ate significantly with time and PO at all PO values in SIE
and RIE. These variables have not been measured in
experimental studies in SIE and RIE yet.

Aox-Ayr relationship versus muscle fibers
recruitment pattern

The muscle fiber recruitment pattern is most probably
different in CPE in electrically stimulated muscle, in CPE
during voluntary exercise as well as in SIE and RIE dur-
ing voluntary exercise, as described in Theoretical Meth-
ods section. Within the one-compartment computer
model used in this study these differences were expressed
in the form of different Aox-Ayr relationships: power-
type relationship in electrically stimulated muscle, saturat-
ing type during voluntary CPE, and declining type during
SIE and RIE.

Muscle VO, kinetics in constant-power
exercise

The simulated muscle VO,, following a large and quick
initial rise, increased continuously with a slower pace
after the onset of CPE of high intensity (loaded
PO = 300 W). This is the so-called slow component of
the VO, on-kinetics (Poole et al. 1991, 1994). This prop-
erty of the system is presented in Figure 2. As it can be
seen, the extent of the slow component equaled 16% after
6 min of exercise. While the additional ATP usage was
assumed to increase linearly with time from the onset of
exercise (Fig. 2C), the time course of the muscle VO, was
more “rounded” (Fig. 2A) than the time course of ATP
usage. This is because muscle VO, was not stimulated
directly by the additional ATP usage, but only indirectly
through the increase in ADP and P; (Fig. 2A and B).

If a faster increase in the additional ATP usage in time
at a given power output (PO) was assumed (Eq. 4), say
by 60%, the magnitude of the slow component after
6 min of CPE with loaded PO of 300 W increased from
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16% to 23% (not shown). On the other hand, the slow
component could be diminished by elevated ATP supply
by anaerobic glycolysis (not shown).

Muscle VO, kinetics and muscle VO,-PO
relationship in step-incremental exercise

In computer simulations of SIE, the slow component of
the muscle VO, on-kinetics appears above PO value (cor-
responding to CP), at which the additional ATP usage
appears. This is demonstrated in Figure 3. A similar slow
component is observed in experimental studies concern-
ing cycling SIE (Keir et al. 2016). This property of the
system leads to a nonlinearity in the end-step VO,-PO
relationship. Figure 4 demonstrates the simulated nonlin-
earity in the end-step muscle VO,-PO relationship
extracted from Figure 3. The extent of this nonlinearity at
the end of exercise (at highest PO) equals 12%. A very
similar nonlinearity in an experimental end-step pul-
monary VO,-PO relationship was extracted in Korze-
niewski (2018; Figure 9 therein) from Keir et al. (2016;
Table 1 therein). Its extent equals 14%, which is similar
to the simulated value. Such a phenomenon was reported
previously for SIE (30 W/3 min) by Zoladz et al. (1995,
1998).

In the computer model used, the discussed nonlinearity
in the muscle VO,-PO relationship was mostly due to the
additional ATP usage. The additional muscle VO, related
to this nonlinearity is somewhat diminished due to the
increase in ATP supply by anaerobic glycolysis (and cre-
atine kinase), especially at highest power outputs.

The simulated muscle VO, on-kinetics significantly slo-
wed down with increasing PO in subsequent steps of SIE
(30 W/3 min) for the declining type of the Agx-Ayr rela-
tionship. This is demonstrated in Figure 5 that presents
the dependence of fy4; extracted from simulations con-
cerning SIE without any additional ATP usage (and there-
fore slow component of the muscle VO, on-kinetics) for
three types of the Aox-Aur relationship. For the declining
type of this relationship, postulated to be relevant for SIE
(and RIE), the muscle f,63 increased 2.7-fold from 18 sec
at 30 W to 48 sec at 300 W. A noticeably greater relative
lengthening of the transition time (t,) of the primary
phase of the pulmonary VO, on-kinetics from 21 to
98 sec (4.7-fold increase) was encountered in Keir et al.
(2016; Table 1 therein). However, the general muscle or
pulmonary %43 (or 7,)-PO dependence was similar both
in computer simulations and experimental studies. On
the other hand, t,¢3 (1) slightly decreased with PO (from
20 to 15 sec) when the saturating-type Aox-Ayr relation-
ship, postulated to be present in voluntary CPE, was used
in the simulation concerning SIE (Fig. 5). The little PO-
dependent fy63 (t,) was encountered both in computer
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simulations (Korzeniewski 2018) and experimental studies
(Poole and Jones 2005) concerning voluntary (cortical
stimulation) CPE, although fy43 slightly increased with
PO in this type of exercise (for discussion see Korze-
niewski 2018). Therefore, it seems that the regulation of
OXPHOS, and in particular the phenomenological Apx-
Ayr relationship, is different in CPE, than in SIE (and,
consequently, RIE). fy¢; decreased significantly with PO,
when the power-type Apox-Ayr relationship, postulated to
be present in electrically stimulated muscle, was applied
(Fig. 5). Therefore, it seems evident that the declining-
type Aox-Ayr relationship is most appropriate to account
for the kinetic properties of the skeletal muscle bioener-
getic system in SIE.

The first reason of the moderate quantitative difference
between the relative increase with PO of the simulated
muscle and experimental pulmonary te; (7,) can be of
course the fact that the model used is (over)simplified, at
least in the discussed aspect. This is a one-compartment
model (although it distinguishes the cytosol and mito-
chondrial compartments) that deals with variable (fluxes
and metabolite concentrations) values averaged over
entire muscle and all its fiber types. It has been postulated
(Brittain et al. 2001) that in exercises starting from ele-
vated work intensities a progressively greater fraction of
glycolytic type II (especially type IIx and IIb) muscle
fibers, characterized by a slow VO, on-kinetics (long t,)
(Jones et al. 2005), is recruited at the onset of exercise,
which leads to lengthening of the overall muscle t,,. This
explanation can be equally well applied to SIE. The model
used in this study represents this phenomenon by using
the declining type of the Aox-Aur dependence for SIE
and RIE, instead of the saturating-type Aox-Ayr depen-
dence postulated to be present in voluntary CPE (Korze-
niewski 2018). Nevertheless, the representation of this
property within the model is likely to be somewhat over-
simplified. Second, the values of f; 43 for subsequent steps
were estimated from a simulation that involved no addi-
tional ATP usage, and therefore no slow component of
the VO, on-kinetics (thin line in Fig. 3A). This is likely
to lead to an underestimation of t;¢; in steps with highest
power outputs.

However, the difference between the relative increases
in pulmonary and muscle #,¢; can be equally well real. A
possible reason for the slower pulmonary than muscle
VO, on-kinetics at high power outputs is a certain disso-
ciation of the pulmonary and muscle VO, on-kinetics at
high work intensities caused by limitations of O, delivery
by the circulation system and buffering by tissue, blood,
and lung oxygen stores (Rossiter 2011; Keir et al. 2016).
Additionally, the oxygen consumption by auxiliary tissues,
such as heart, respiratory muscles, and posture-maintain-
ing muscles, can contribute significantly to the pulmonary
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VO, kinetics, especially at high power outputs. Therefore,
all three factors: the muscle fiber recruitment pattern,
delays in oxygen supply by blood (together with buffering
by tissue oxygen stores), and oxygen consumption by
auxiliary tissues can contribute to the significant slowing
down of the pulmonary VO, on-kinetics between low
and high power output in SIE.

Taking into account all these reservations, a good, at
least semiquantitative agreement can be observed between
computer simulations (Fig. 5) and experimental data
(Keir et al. 2016) concerning 7, (tp63) of the muscle and
pulmonary VO, on-kinetics in subsequent steps in SIE.

Simulated ty43 equaled ~ 24 sec for CPE for
0 — 300 W loaded work transition, assuming the saturat-
ing type of the Apx-Ayr relationship. Therefore, t45 for
transition to 300 W in CPE was decidedly lower, than
fo.e3 for transition to 300 W in step-incremental exercise
(SIE) for the declining type of the Apx-Ayr relationship
(48 sec). This finding further supports the conclusion
that, unlike in CPE, the declining-type, and not saturat-
ing-type Aox-Aur relationship better accounts for the
kinetic system properties in SIE.

Muscle VO, kinetics and muscle VO,-PO
relationship in ramp-incremental exercise

It should be emphasized that in the case of RIE, when
speaking about linearity or nonlinearity of the VO,-PO
dependence, the initial nonlinearity at the beginning of
exercise is ignored. In other words, the problem concerns
the “time-shifted” VO,-PO relationship (Keir et al.
2018).

The nonlinearity in the simulated muscle VO,-PO rela-
tionship appeared also in RIE. Its extent was moderately
positive (upward deviation) (but lower than in SIE) in
slow RIE (8%) (Fig. 6), close to zero in medium RIE
(1%) (Fig. 7), and slightly negative (downward deviation)
in fast RIE (—2%) (Fig. 8). The extent of this nonlinear-
ity, that is the value of the additional VO,, was deter-
mined by the additional ATP usage, proportional to the
time integral of the PO - CP difference, and diminished
by the ATP supply by anaerobic glycolysis (and creatine
kinase). As the latter effect prevailed over the former
effect in fast RIE, a negative nonlinearity in the muscle
VO,-PO relationship was predicted in this exercise mode.

Generally, a similar, with a slight tendency to be more
negative in fast RIE, nonlinearity in the experimental pul-
monary VO,-PO relationship was observed in different
RIE modes. Keir et al. (2016) (Fig. 4 therein) encountered
either approximately linear, slightly positively nonlinear
or slightly negatively nonlinear pulmonary VO,-PO rela-
tionship in different subjects for medium RIE (30 W/
min). Takaishi et al. (1992) encountered a positive (+

2018 | Vol. 6 | Iss. 21 | 13915
Page 15



VO,-Power Output Non-Linearity Versus Exercise Modes

7%) pulmonary VO,-PO nonlinearity for slow (10 W/
min) RIE, approximately zero (0%) nonlinearity for med-
ium-slow (20 W/min) RIE, negative (—5%) nonlinearity
for medium (30 W/min) RIE, and negative (—6%) non-
linearity for medium-fast (40 W/min) RIE. Even higher
positive (+ 11%) pulmonary VO,-PO nonlinearity was
encountered by Keir et al. (2018) for very slow (8 W/
min) RIE, while the pulmonary VO,-PO was essentially
linear for medium RIE (30 W/min). Scheuermann et al.
(2002) observed a high positive (+ 12%) pulmonary VO,-
PO nonlinearity for very slow (8 W/min) RIE and a nega-
tive (—5%) pulmonary VO,-PO nonlinearity for very fast
RIE (64 W/min). Davies et al. (1982) observed a small
positive pulmonary VO,-PO nonlinearity for medium-
slow (20 W/min) RIE and medium (30 W/min) RIE, and
a small negative nonlinearity for fast (50 W/min) RIE
(see Fig. 2 therein). Hansen et al. (1987) encountered a
negative pulmonary VO,-PO nonlinearity in a normal,
albeit old subject (Fig. 3 therein). Whipp et al. (1981)
observed either linear or slightly deviated downward (neg-
ative nonlinearity) pulmonary VO,-PO relationship in
fast RIE. Murgatroyd et al. (2014) encountered an
approximately linear pulmonary VO,-PO relationship in
medium-slow (20 W/min) RIE. Generally, the simulated
muscle VO,-PO relationships seem to agree rather well
with experimental pulmonary VO,-PO relationships. The
experimental pulmonary VO,-PO relationship in RIE
tends to be positively nonlinear (upward deviation from
linearity) in slow RIE, approximately linear in medium
RIE and negatively nonlinear (downward deviation from
linearity) in fast RIE. Perhaps the main slight difference
between computer simulations and experimental data is
that the negative nonlinearity in fast RIE seems frequently
to be somewhat greater for experimental pulmonary VO,-
PO relationship than for simulated muscle VO,-PO rela-
tionship (Fig. 8).

Again, the reason of this slight discrepancy between the
simulated muscle and experimental pulmonary VO,
kinetics can be the fact that the computer model used for
simulations is simplified in relation to the real system.
Or, alternatively, the difference between the muscle and
pulmonary VO, kinetics can be real and result from limi-
tations and delays in O, transport by blood from working
muscles to lungs and/or from replenishment of O, stores
in blood, tissues, and lungs (see, e.g., Rossiter 2011; Keir
et al. 2016; Davies et al. 2017). The latter possibility can
be supported by the finding that the AVO,/APO slope
was steeper in the second RIE episode than in the first
RIE episode, separated by 10 min of cycling at 20 W
(Jones and Carter 2004). This fact could suggest that the
prior exercise stimulated blood circulation and O, trans-
port in the principal exercise, due to, for example, widen-
ing of blood vessels.
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Overall, in the computer simulations the nonlinearity
in the muscle VO,-time and VO,-PO relationship results
mostly from the additional ATP usage above CP, while
the extent of this nonlinearity: from the extent of the
additional ATP usage minus the extent of ATP supply by
anaerobic glycolysis. The additional ATP usage increasing
linearly with time was postulated to underlie the slow
component of the VO, on-kinetics in CPE (Rossiter 2011;
Korzeniewski and Rossiter 2015; Korzeniewski and Zoladz
2015). In this study, the additional ATP usage that is both
time- and PO-dependent is postulated and therefore its
size is proportional to the time integral of the PO - CP
difference above CP. The nonlinearity in the muscle VO,-
PO relationship is lessened by ATP supply by anaerobic
glycolysis, especially at high POs. It is unlikely that, for
example, elevated proton leak contributes significantly to
the genesis and size of the muscle VO, slow component
and the muscle VO,-PO nonlinearity, as the contribution
of proton leak to muscle VO, seems to be very small in
skeletal muscle during intense exercise, although its con-
tribution at rest is huge (Korzeniewski 2017a).

Muscle VO,-PO relationship in constant-
power, step-, and ramp-incremental exercise

CPE, SIE, and particular modes of RIE are characterized by
different muscle VO,-PO dependencies, as it can be seen in
Figure 9. Muscle VO, for a given PO was highest in CPE,
lower in SIE, still lower in slow RIE, in medium RIE, and
lowest in fast RIE. These differences would be even greater,
if lower ESA intensity, resulting in a longer #,45 (t,) were
assumed (not shown). The discussed phenomenon was due
to the highest additional ATP usage at a given PO in CPE
and lowest in fast RIE, especially at higher POs.
Qualitatively similar VO,-PO relationships for different
RIE modes were generated using a simple model by Keir
et al. (2016) for pulmonary VO, (Fig. 5B therein),
although the differences between particular RIE modes
were greater there. The authors explained these differences
by time-dependent recruitment of kinetically slower and
less oxidatively efficient muscle fiber populations. There-
fore, this explanation is partly different from the explana-
tion proposed in this study based mostly on the
time- and PO-dependent increase in the additional ATP
usage. On the other fact, both explanations involve the
ATP supply by anaerobic glycolysis, the rise in which is
related to fall in VO,. In fact, within the model the
declining-type Aox-Aut represents the recruitment of the
glycolytic muscle fibers with low ESA intensity, and thus
long t, (Korzeniewski 2003; Korzeniewski and Zoladz
2004), with high additional ATP usage increasing with
time and PO, as well as with a high ATP supply by anaer-
obic glycolysis. The differences in the pulmonary VO,-PO
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dependence between slow (10 W/min), medium-slow
(20 W/min), medium (30 W/min), and medium-fast
(40 W/min) RIE are rather small in experimental studies
by Takaishi et al. (1992) (see Fig. 2 therein; notice that
particular dependences are shifted vertically in order to
avoid their overlapping), which resembles much more the
theoretical results obtained in this study, than in Keir
et al. (2016). Perhaps both mechanisms contribute to the
discussed phenomenon.

It should be stressed that the muscle VO,-PO relation-
ship in SIE and RIE becomes more positively nonlinear
(more deviated upward), when the saturating-type Aox-
Ayt dependence, instead of the declining-type Agx-Aut
dependence, is used in computer simulations (not
shown). The nonlinearity in this case is also slightly posi-
tive for fast RIE. As such kinetic behavior of the system
differs more from the experimental pulmonary VO,-PO
relationship than the behavior generated using the declin-
ing-type Aox-Aut dependence used in this study, it seems
likely that also in RIE (like in SIE) the muscle VO,-PO
relationship is better accounted for by the declining-type
Aox-Ayt dependence, than by saturating-type Aox-Aur
dependence. Therefore, the regulation of OXPHOS seems
different in RIE and SIE, than in CPE, as discussed above.

VO,mae and POpeak in different exercise
modes

This study does not deal explicitly with the maximum oxy-
gen consumption (VOsmax) and the power output achieved
at it (POpcak), related to muscle fatigue, in CPE, SIE, and
three modes of RIE. While the pulmonary VOsmax S€€MS to
be identical in various exercise modes (medium RIE, SIE,
and CPE), then POy can differ very significantly, being
highest in medium ramp-incremental exercise (RIE) and
lowest in constant-power exercise (CPE) (8 min) for the
same individual (Keir et al. 2018; Fig. 1 therein). The
results of this theoretical study agree well with these experi-
mental findings. This can be seen in Figure 9, where the
simulated muscle VO,-PO relationships for various exer-
cise modes are presented. If it is assumed arbitrarily that
muscle VOmax equals about 11.6 mmol/L min~", then
POpeac would equal 300 W for medium RIE, 262 W for
SIE, and 253 W for CPE. These differences would be much
greater, if lower ESA intensity (resulting in a longer #; ¢5 for
CPE), lower CP, and/or faster increase in the additional
ATP usage with time and PO were used (not shown).

Time courses of cytosolic metabolites and
pH

While the simulated time courses of ADP, PCr, P;, and
pH in CPE agree well with experimental data (see, e.g.,
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ref. 34 for discussion), the simulated changes in metabo-
lites and pH in SIE and RIE cannot be compared with
experimental data, as these variables were not measured
so far in SIE and RIE. Therefore, these model predictions
will have to be verified by future experimental studies.

Each-step activation

An overall mechanism of parallel activation of ATP usage
and ATP supply system in general during skeletal muscle
contraction was first postulated by Hochachka
(Hochachka and Matheson 1992; Hochachka 1994). It is
supported by the observation (Chung et al. 2005) that the
first phase of the VO, increase after the onset of exercise
is ADP independent, and therefore VO, must be quickly
elevated by some other mechanism. This mechanism was
also confirmed by Wiist and co-workers on the basis of
the VO,-ADP relationship during on-transient in skeletal
muscle (Wist et al. 2011). Behnke et al. (2002) encoun-
tered a significant increase in VO, immediately after the
onset of electrical muscle stimulations. This agrees well
with the ESA idea that predicts a very quick initial rise in
muscle VO, followed by an exponential increase due to
the increase in ADP and P; (Korzeniewski and Zoladz
2006).

Fell and Thomas (1995) proposed, in a more general
and abstract way, an idea similar to ESA, called “multi-
site modulation”, in relation to other metabolic pathways,
especially glycolysis and tricarboxilic acid (TCA) cycle.
Therefore, it is likely that also particular enzymes within
these metabolic pathways are directly activated during
work transitions.

The each-step activation (ESA) mechanism, being a
special case of the parallel-activation mechanism, was
proposed in relation to OXPHOS in skeletal muscle by
Korzeniewski (1998). According to this mechanism, not
only ATP usage but also all OXPHOS complexes (com-
plex I, complex III, complex IV, ATP synthase, ATP/
ADP carrier, and P; carrier), NADH supply block, and
glycolysis/glycogenolysis are directly activated by some
cytosolic mechanism, together with the stimulation of
muscle contraction (actomyosin-ATPase and Ca®'-
ATPase) by Ca®" ions. The ESA mechanism is able to
account for various, apparently not related to each other
kinetic properties of the skeletal muscle and heart bioen-
ergetic system, in particular OXPHOS (see Korzeniewski
2017b for review).

The molecular mechanism of ESA is still not fully
known. Activation by matrix Ca** of three irreversible
TCA (tricarboxylic acid) cycle dehydrogenases (pyruvate
dehydrogenase, isocitrate dehydrogenase, and 2-oxogluta-
rate dehydrogenase) (Hansford 1980; Denton and McCor-
mack 1990) and by cytosolic Ca** of aralar, an element of
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the malate/aspartate shuttle (MAS) (Gellerich et al. 2012),
has been demonstrated. Glancy et al. (2013) showed that
Ca®" elevates about twofold the activity of essentially all
OXPHOS complexes in isolated skeletal muscle mito-
chondria incubated with glutamate/malate. However, it is
not certain whether such an activation is sufficient to
account for experimental data. A recent theoretical study
(Korzeniewski and Rossiter 2015) suggests that OXPHOS
complexes are activated directly over fivefold during rest-
to-work transitions in humans. In other muscles or
experimental conditions this direct activation of OXPHOS
seems to be even much higher (Korzeniewski 2017b).

Study limitations

Any computer model of a complex system can be at best
only an approximation and simplification of the reality.
As discussed above, the computer model used in this the-
oretical studies is a one-compartment model that
describes fluxes (e.g., oxygen consumption) and metabo-
lite concentrations averaged over entire muscle and dif-
ferent muscle fiber types (type I, Ila, IIx, and IIb as well
as their subtypes) with different patterns of recruitment
in various modes of exercise (although it contains the
cytosol and mitochondria compartment). On the other
hand, the model was tested mostly for one-compartment
experimental data, like measured muscle VO,, PCr,
cytosolic P;, ATP, and pH or calculated cytosolic ADPg...
These variables are also averaged over various muscle
fiber types.

A two-compartment model of skeletal muscle bioener-
getics was developed (Li et al. 2012), but it was also
tested for one-compartment data, and therefore could
add little to one-compartment models, being at the same
time much more complicated and therefore much more
difficult to verify.

In this work, the simulations for various exercise
modes (CPE, SIE, and three rates of RIE) were made for
the same parameter set and this is a great advantage that
allows a direct comparison of the VO,-PO nonlinearity
and other kinetic properties. The theoretical results were
also validated by comparison with various experimental
data coming from different laboratories. This is another
advantage, because the risk that some untypical set of
experimental data was chosen as a reference frame is
reduced.

Of course, a computer model cannot prove that the
postulated mechanism underlying the VO,-PO nonlinear-
ity and the differences in its magnitude in various exercise
modes, namely, the linear increase in the additional ATP
usage with time and PO, is correct. Nevertheless, the
model can demonstrate that this mechanism offers a
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plausible explanation that works at least semiquantita-
tively.

Conclusions

It was postulated in this theoretical study that the
assumed linear increase in the additional ATP usage with
time and power output (PO) above critical power (CP) is
the mechanism responsible for the nonlinearity of the
muscle VO,-PO relationship. Additionally, ~different
extents of the additional ATP usage are proposed to be
responsible for different magnitudes of this nonlinearity
in different exercise modes. The size of the additional
ATP usage was proportional to the time integral of the
PO - CP difference above CP. The extent of the muscle
VO,-PO nonlinearity was diminished by an increase in
ATP supply by anaerobic glycolysis. Using the same
parameter values, computer simulations predicted that
the muscle VO,-PO nonlinearity is largest in constant-
power exercise (6 min, 300 W) (+16%), lower in step-
incremental exercise (30 W/3 min) (+12%), in slow
ramp-incremental exercise (10 W/min) (+8%), in med-
ium ramp-incremental exercise (30 W/min) (+1%), and
lowest (negative, downward deviation) in fast ramp-incre-
mental exercise (50 W/min) (—2%). The last theoretical
result was caused by the fact that the increase in VO, due
to the increase in the additional ATP usage was smaller
than the decrease in VO, related to elevated ATP supply
by anaerobic glycolysis. These theoretical predictions
agree well, at least semiquantitatively, with experimental
data concerning the pulmonary VO,-PO nonlinearity in
different exercise modes.

It was also postulated that while the kinetic properties
of the system in voluntary constant-power exercise can
be satisfactorily accounted for by the saturating-type Aox
(each-step activation, ESA, intensity)-Ayr (relative ATP
usage activity) relationship, then the declining-type Aox-
Ayt relationship seems to predict correctly the kinetic
behavior of the system in step-incremental exercise and
ramp-incremental exercise. For instance, the declining-
type Aox-Ayr relationship is able to account for the sig-
nificant increase in fy; (time to reach 63% of the VO,
amplitude during on-transient, analogous to 7,) in step-
incremental exercise and the negative VO,-PO nonlinear-
ity in fast ramp-incremental exercise (through stimula-
tion of ATP supply by anaerobic glycolysis). Both
phenomena were encountered in experimental studies.
Therefore, it was proposed that the phenomenological
(averaged over whole muscle) regulation of OXPHOS is
different in constant-power exercise, on the one hand,
and in step- and ramp-incremental exercise, on the other
hand.
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