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Abstract Pulmonary oxygen uptake (V˙ O2 ) slowly increases
during exercise above the anaerobic threshold, and this in-
crease is called the slow component of V˙ O2. The mechanism
of the increase in V˙ O2 is assumed to be due to increasing
energy cost associated with increasingly inefficient muscle
contraction. We hypothesized that the increase in V˙ O2 would
be accompanied by a constant or increasing rate of accumula-
tion of blood lactate, indicating sustained anaerobic metabo-
lism while V˙ O2 increased. Ten male subjects performed cycle
ergometry for 3, 6, and 9 min at a power output representing
60% of the difference between lactate threshold and maximal
V˙ O2 while V˙ O2 and blood lactate accumulation were mea-
sured. Blood lactate accumulation decreased over time, pro-
viding the energy equivalent of (mean ± SD) 1586 ± 265,
855 ± 287, and 431 ± 392 ml of V˙ O2 during 0–3, 3–6, and
6–9 min of exercise, respectively. As duration progressed,
V˙ O2 supplied 86.3 ± 2.0, 93.6 ± 1.9, and 96.8 ± 2.9% of total
energy from 0 to 3, 3 to 6, and 6 to 9 min, respectively, while
anaerobic contribution decreased. There was no change in
total energy cost after 3 min, except that required by ventila-
tory muscles for the progressive increase in ventilation. The
slow component of V̇O2 is accompanied by decreasing anaer-
obic energy contribution beyond 3 min during heavy exercise.
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Introduction

The slow component of oxygen uptake (SC) is a slow increase
in V˙ O2 when exercise at a constant intensity, above anaerobic
threshold but below maximal V˙ O2, is continued past 3 min [2,
9]. The SC, also known as phase III of V˙ O2 kinetics, will
either reach a delayed steady state or continue to rise until
maximal V˙ O2 is reached [15]. The SC is quantified either by
curve fitting of V˙ O2 kinetics with a three-component model
[2] or by objectively quantifying any increase in V˙ O2 beyond
that achieved at 3 min of exercise, by which time the fast
phase of the rise in V̇O2 (phase II) would be complete and a
steady state would have been reached in sub-threshold exer-
cise [2, 9].

One known factor contributing to the slowly rising V˙ O2

during supra-threshold exercise is a progressively increasing
ventilation. It is accepted that the amount of air breathed each
min (V˙E) persistently rises during sustained supra-threshold
exercise. The increasing energy required by ventilatory mus-
cles has been estimated to account for approximately 18–25%
of the oxygen uptake associated with the SC [13, 32]. The
remaining SC is known to occur within the exercisingmuscles
[24]. Grassi [11] has recently discussed the relationship be-
tween fatigue and the SC, reviewing evidence that the SC
develops in association with progressive fatigue. It was con-
cluded that the SC and the corresponding increase in total
energy cost were associated with fatigue.

Attempts to measure ATP turnover using magnetic reso-
nance spectrometry during the development of the slow com-
ponent have produced mixed results. In some cases, ATP
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turnover is observed to increase [4] and in others to decrease
[33] or remain constant [20]. Cannon et al. [4] reported that
the increase in ATP turnover was not correlated with the in-
crease in V˙ O2 associated with the slow component, making it
difficult to acknowledge an increasing energy cost of exercise
as the SC develops. It would be of value to find an alternative
way to quantify the total energy cost of exercise in this inten-
sity domain.

We define anaerobic threshold as the highest intensity of
exercise that can be sustained by oxidative metabolism, with-
out continued lactate accumulation [30]. Below anaerobic
threshold, pulmonary oxygen uptake (V˙ O2 ) rises to a steady
state during the first minutes of exercise; blood lactate may be
above resting values, but does not accumulate over time [30].
Accumulation of lactate is evidence of continuing contribu-
tion of anaerobic metabolism [7], so if aerobic metabolism can
supply all of the required ATP, then lactate concentration will
not increase. If the SC is associated with fatigue and decreas-
ing efficiency of muscular exercise, then blood lactate,
representing anaerobic metabolism, should continue to accu-
mulate at a constant or increasing rate during constant inten-
sity exercise, while the V˙ O2 continues to rise.

In this experiment, we tested this hypothesis by measuring
lactate accumulation after 3, 6, and 9 min of constant intensity
exercise at 60% of the difference between lactate threshold
and maximal V˙ O2 (60%Δ). The accumulation of lactate in
the body can be estimated from peak blood lactate following
a bout of exercise and subtraction of the pre-exercise blood
lactate. This approach has been used extensively for quantifi-
cation of anaerobic glycolytic contribution to exercise metab-
olism [3, 8, 28].

Materials and methods

Tenmale cyclists (age 29.3 ± 4.2 years, height 178.1 ± 6.7 cm,
weight 76.3 ± 8.3 kg) were recruited from local cycling clubs.
All cyclists participated in structured training programs and
were competitive at a sub-elite level. Written informed con-
sent was obtained prior to participation in the study, which
was approved by the University of Calgary Conjoint Health
Research Ethics Board.

Testing occurred on four occasions at similar times of day
with sequential visits separated by at least 48 h. Subjects
abstained from food for 3 h prior to testing, performed no
other physical activity on the day of testing, and were asked
to arrive at each session similarly rested and well-hydrated.
All visits were completed within 2 weeks to avoid a change in
fitness during the period of testing. Data were collected in a
quiet, temperature-controlled room using a Velotron cycle er-
gometer (RacerMate Inc., Seattle, WA, USA), which was cal-
ibrated prior to each use. Seat height, handlebar position, and

pedal type were adjusted according to personal preference and
replicated during each testing session for a given subject.

V̇O2 and ventilatory data were collected breath-by-breath
using the Cosmed Quark CPET metabolic cart (Cosmed,
Rome, Italy). Prior to each test, sensor and turbine calibrations
were completed using a gas mixture of 5% CO2, 16% O2,
balance N2 (Cosmed, Rome, Italy), and a 3-l syringe (Hans
Rudolph, Shawnee, Kansas, USA), respectively. Sensor cali-
bration was verified following each test.

Subjects cycled at a cadence of 85 ± 5 rpm for all tests. A 5-
min warm-up at 100 W was completed prior to each exercise
bout. At the initial testing session, V˙ O2max and lactate thresh-
old were determined using a two-part incremental protocol.
The first part of the incremental test began at a power output of
100–150W, depending on the perceived fitness of the subject.
Power output was increased by 25Wevery 3 min with finger-
tip blood samples obtained at the end of each stage for blood
lactate measurement (Lactate Pro, Arkray, Kyoto, Japan).
Once a blood lactate concentration of at least 6.0 mM was
attained, the first part of the test ended. Lactate threshold
was identified as the stage at which the second steep increase
in blood lactate concentration occurred, as assessed by three
individuals with agreement. This approach is shown in Fig. 1
for a typical subject.

Following a 10-min rest, during which subjects cycled
lightly, a second step incremental test was performed to deter-
mine individual maximal V˙ O2. Subjects began at the power
output that occurred two stages prior to the completion of the
first part of the test. Power output was increased by 15 W
every minute until exhaustion or the inability to maintain ca-
dence within 5 rpm of the target cadence (85 rpm). Strong
verbal encouragement was given. V˙ O2max was measured as
the highest 30 s average V˙ O2 during this second stage of the
test.

Fig. 1 Blood lactate response during an incremental exercise test
performed on a cycle ergometer. In this phase of the test, power output
was increased by 25 Wevery 3 min. Lactate threshold was considered to
be the second steep increase in blood lactate following a change in power
output. In this subject, lactate threshold was considered to occur at 275W
at a blood lactate concentration of 4.0 mM
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On the second, third, and fourth visits, a 3-, 6-, or 9-min
ride at a power output equal to 60% of the difference between
the subject’s power output at lactate threshold and V̇ O2max

(60%Δ) was completed. Two minutes of cycling at 20Wwere
completed prior to each ride as a direct lead-in. Each subject
performed all three cycling durations on separate visits. The 9-
min ride was always completed first to ensure that subjects
were able to sustain the power output indicated, but the order
of the subsequent 3 and 6 min rides was randomized.
Pulmonary data were recorded breath-by-breath throughout
each ride.

Contribution to energy demand supplied through anaerobic
glycolytic pathways was assessed using the quantity of lactate
accumulated during the 0–3, 3–6, and 6–9 min time segments
of exercise. Lactate at rest was subtracted from peak lactate
after 3, 6, or 9 min to determine the accumulation of lactate for
each ride. Accumulation from 3 to 6 min was obtained by
subtracting accumulation for 0–3 min from the accumulation
for the 6-min ride. Accumulation from 6 to 9 min was obtain-
ed by subtracting accumulation for 0–6 from that for 0–9 min
ride. This calculation is demonstrated in Table 1. The hypoth-
esis was that lactate accumulation, indicative of anaerobic
energy contribution, would continue without decreasing over
the duration of the 9 min ride. No significant difference in
lactate accumulation or a significant increase in sequential
3 min segments would be accepted as satisfying this hypoth-
esis. To obtain an estimate of the energy contribution from
anaerobic glycolysis, lactate accumulation was used to esti-
mate an oxygen equivalent using Di Prampero’s suggested
equivalent of 3.0 ml kg−1 of oxygen uptake per millimolar
lactate accumulation [7, 8].

To assess gross aerobic energetic contributions during 0–3,
3–6, and 6–9 min, breath-by-breath V˙ O2 measurements aver-
aged over 10 s were summed to yield total volume of oxygen
consumed over each 3 min segment. The SC was considered
to be the volume of extra O2 uptake from 3 to 9 min, above the
rate that was measured 3 min into exercise [29].

V̇E values were also measured breath-by-breath and aver-
aged every 10 s. Work of breathing (WB) and the oxygen cost
attributed to the ventilatory muscles (V˙ O2 VM) were calculated
during each time segment based on V˙ E measurements accord-
ing to the following equations [6]

WB ¼ −0:430þ 0:050V˙ E þ 0:00161V˙ E
2 ð1Þ

V˙ O2 VM ¼ 34:9þ 7:45WBð Þ ð2Þ

As with V˙ O2 data, values in each time segment were
summed to yield the total V˙ O2VM for each 3 min time
segment.

Total oxygen cost of activity was considered the sum of
energy supplied through aerobic oxidative and anaerobic gly-
colytic pathways, and was expressed as an oxygen equivalent.
Because it is already acknowledged that the increasing work
performed by ventilatory muscles contributes to the SC, the
energy cost of breathing was calculated and subtracted from
the total oxygen cost of activity. This provided an “adjusted”
oxygen equivalent of the energy demand of activity, which
was calculated for 0–3, 3–6, and 6–9 min of the cycling ride.
The proportions of energy supplied aerobically and anaerobi-
cally during each time segment were then calculated.

Thus, were then calculated as shown in equation 3.

Adjusted Oxygen Equivalent ml O2•3 min−1
� � ¼ Gross Oxygen Consumed ml O2•3 min−1

� �

–Oxygen Cost of Breathing ml O2•3 min−1
� �þ Oxygen Equivalent of Lactate

Accumulation ml O2•3 min−1
� � ð3Þ

The portions of energy supplied aerobically and adjusted
energy costs during each time segment were compared using
ANOVA. Post-hoc analysis was performed usingNewman-Keuls
test. Results are presented as mean ± standard deviation and were
considered significant for P < 0.05.

Results

Subjects performed the 60%Δ rides at approximately 88% of
the power output achieved at V˙ O2max. Fitness characteristics
are noted in Table 2. Power output at 60%Δ was
324.6 ± 23.3 W. The mean magnitude of the SC was
8.0 ± 3.5 ml kg−1 O2 at 6 min and 13.6 ± 3.8 ml kg−1 O2 at

Table 1 Lactate accumulation calculation

Time segment Lactate (mmol)

(min) Resting Peak Net Accumulated

0 to 3 1.2 ± 0.3 8.1 +/- 1.1 6.9 ± 1.1 6.9 ± 1.1

3 to 6 1.2 ± 0.4 11.9 ± 1.9 10.7 ± 1.8 3.7 ± 1.2

6 to 9 1.2 ± 0.3 13.7 ± 2.0 12.5 ± 1.9 1.9 ± 1.7

Note: Peak is measured after the 3, 6, or 9 min rides. Net is the difference
(peak minus resting) for each ride. Accumulated is the difference for the
last 3 min of any ride: net 6–9 minus net 3–6 for 9 min ride and net 3–6
minus net 0–3 for 6 min ride

Pflugers Arch - Eur J Physiol (2017) 469:1257–1265 1259



9 min. V˙ O2 increased an average of 483 ± 215 ml min−1 from
3 to 9 min (Fig. 2).

Given that data were collected on three separate days for
each subject, repeatability was paramount in satisfying the
assumption that measurements from each testing session rep-
resented a typical ride at 60%Δ. At the 3-min time point
within the 3, 6, and 9 min cycling trials, the mean V˙ O2 was
3875 ± 247, 3915 ± 247, and 3902 ± 254 ml O2 min−1, re-
spectively (50.8 ± 3.7, 51.4 ± 4.0, and 51.2 ± 3.4 ml
O2 kg

−1 min−1). The average intrasubject difference in V̇O2

between the three trials was 113 ± 118 ml O2 min−1

(1.49 ± 1.50 ml O2 kg
−1 min−1), which is within the range of

reported measurement error for the Cosmed Quark metabolic
system [12]. A mean intraclass correlation value of 0.97 for
the 3-min time points of every ride indicates high repeatability
in data, as does very similar means and standard deviations at
the 3-min time point of all cycling trials. As such, it can be
assumed that measurements during the 3- and 6-min rides
represent intermediate measures during a single 9-min ride.
The high reproducibility is illustrated in Fig. 3 for a typical
subject.

Rate of accumulation of lactate was not sustained through
the duration of the exercise bout. There was a significant de-
crease in rate of lactate accumulation during 3 min segments

across the rides up to 9 min. The hypothesis was rejected. An
analysis of the contributions of aerobic and anaerobic energy
provides a detailed novel look at the SC. As exercise
progressed, the aerobic contributions to energy demand in-
creased while anaerobic contributions decreased. This is
shown in Figs. 4 and 5. In the 0–3, 3–6, and 6–9 min time
segments, aerobic metabolism provided 86.3 ± 2.0, 93.6 ± 1.9,
and 96.8 ± 2.9% of required energy, respectively, while anaer-
obic metabolism supplied the remainder. The percent anaero-
bic contribution to the total energy cost of activity decreased
by 53.3% between 0–3 and 3–6 min and by an additional
50.0% between the 3–6 and 6–9 min segments. The propor-
tion of energy supplied aerobically and anaerobically was sig-
nificantly different between sequential time segments
(p < 0.0001), as is shown in Tables 3 and 4.

V̇E increased throughout the duration of exercise; there-
fore, the energy cost attributable to breathing also increased
(Fig. 2). The average V˙ E after 3, 6, and 9 min was
108.2 ± 14.3, 136.2 ± 22.1, and 158.0 ± 20.1 l min−1, respec-
tively (Fig. 6).

The average adjusted oxygen cost per minute was
3692 ± 220, 4103 ± 325, and 4073 ± 282 ml O2 min−1. The
adjusted oxygen equivalent was significantly different be-
tween time segments (p = 0.01). However, post-hoc analysis
using the Newman-Keuls test indicated statistical differences
only between the 0–3 min and the other two segments; the
adjusted oxygen equivalent of activity was unchanged beyond
3 min of exercise. As such, after accounting for the oxygen
demand for increasing V˙ E, the increasing V˙ O2 representing
the SC appears to compensate for the decreasing anaerobic
energy contribution.

Discussion

Historically, it has been assumed that as the SC develops, there
is a concomitant sustained or continually increasing energy
demand to maintain the constant exercise intensity, including
increases in both aerobic and anaerobic energy supply. This
increase in total energy cost is thought to occur due to decreas-
ing muscle efficiency associated with fatigue, possibly related
to recruitment of “less efficient” type II motor units or changes
in P/O ratio [11, 15]. Several potential mechanisms for the

Table 2 Subject characteristics

Number Lactate threshold
V̇O2max

V˙ O2 (l min−1)
Power output (W) Blood lactate (mmol)

V˙ O2 (l min−1)
Power output (W) Blood lactate (mmol)

10 46.6 ± 3.5 275.0 ± 38.7 3.9 ± 0.3 57.3 ± 4.3 367.3 ± 27.3 12.7 ± 1.1

Fig. 2 Mean (± SD) oxygen consumption (black) and oxygen
consumption allocated to work of breathing (grey) during 9 min of
cycling exercise at 60%Δ. The SC is indicated by the area between the
horizontal black line and the data indicated by the black symbols
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increased metabolic rate of active muscles have previously
been proposed including: increasing type II motor unit recruit-
ment (1), a fatigue-related reduction in efficiency of contrac-
tion (15, 19, 34), increasing lactate acidosis (26), and/or in-
creasing core temperature (16). A steadily increasing energy
cost would be associated with a constant or increasing rate of
lactate accumulation. However, though the measured blood
lactate concentration is shown here to increase over time, the
rate of lactate accumulation actually decreases, which is con-
sistent with previous observations [19, 20]. Our calculations
reveal that the energy deficit created by the decrease in lactate
accumulation can be accounted for by the increase in V̇O2 that
is the SC, meaning that there is not necessarily a growing
inefficiency in the fatiguing muscles. It would appear that
the search for a mechanism to explain a rising energy cost of
exercise as a mechanism for the SC of oxygen uptake is not
necessary.

It has been shown here that V˙ E can account for the only real
increase in energy cost while the SC develops. In this project,

the oxygen cost of increasing V˙ E accounts for 18–21% of the
SC, which is consistent with previous research [13, 32]. It has
been determined that approximately 80% of the SC originates
in the exercising muscles [24], so the oxygen cost of increas-
ing ventilation likely accounts for essentially all of the remain-
ing extra-muscular contribution to the SC.

Our results indicate that the adjusted oxygen cost of exer-
cise, that is, the energy cost of exercise with the estimated
energy cost of V˙ E removed, is essentially unchanging from
3 min to the end of activity. The rising contribution of oxygen
uptake during this time is countered by an energetically equiv-
alent decreasing anaerobic contribution. These findings are
noteworthy as most previous research on the SC mechanism
has been completed with the assumption that extra oxygen
uptake is out of necessity to meet rising energy needs. Our
observations suggest that the SC has just two underlying
mechanisms: (1) the increasing oxygen uptake required by
ventilatory muscles due to an increase in V˙ E and (2) a further
increase in V̇O2 while anaerobic contribution continues to
decrease.

Several different techniques have been used previously to
examine energy cost and rates of aerobic and anaerobic me-
tabolism during a SC. When comparing rates of aerobic and
anaerobic ATP production during two consecutive bouts of
high intensity knee extension measured using 31P-magnetic
resonance spectroscopy and simultaneous pulmonary oxygen
uptake, it is noted that total energy cost is not different [20].
However, during the second bout, oxidative energy contribu-
tion is greater at exercise onset in conjunction with reduced
anaerobic ATP production, and there is no SC [20]. Likewise,
Krustrup and colleagues [19] noted an increase in oxygen
consumption and decrease in anaerobic energy contribution
with unchanging total energy cost during the later stages of
heavy intensity cycling. Investigators quantified anaerobic
contribution by collecting biopsies of the vastus lateralis prior
to and immediately following exercise to measure muscle me-
tabolites [19]. As well, measurements of aerobic and anaero-
bic energy contributions to intense isometric tetanic contrac-
tions in dog muscle also showed no change in ATP turnover in
the later parts of the contraction [33]. This constant ATP

Fig. 3 Oxygen uptake (ml
O2 min−1) expressed as 30 s
averages for a typical subject
cycling for 3, 6, and 9 min at
310 Won separate days. A 2-min
lead-in at 20 W preceded the 3, 6,
and 9 min trials

Fig. 4 Mean (±SD) oxygen equivalents of aerobic (dark grey) and
anaerobic glycolysis (grey) oxygen cost of activity and the total oxygen
cost of activity at 0–3, 3–6, and 6–9 min of cycling exercise at 60%Δ.
Oxygen cost of ventilation has been subtracted. There was no significant
difference in adjusted oxygen cost between 3–6 and 6–9min in spite of an
increasing V̇ O2. Anaerobic contribution decreased from 3–6 to 6–9 min.
Presumably, the deficiency of oxygen equivalent during the first 3 min
was provided by the immediate energy systems (decrease in ATP and
creatine phosphate concentrations and the use of oxygen stores), which
was not quantified in this study
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turnover coincided with an increase in oxidative metabolism
and decrease in ATP contributed anaerobically, detected as
blood lactate, intracellular lactate, creatine phosphate (PCr),
and stored ATP [33].

In our results, the adjusted oxygen cost of activity was
approximately 1187 ml O2 lower during the 0–3 min segment
than the 3–6 or 6–9 min segments, the latter two of which
were not significantly different (Table 4). At exercise onset,
immediate energy is provided through phosphocreatine split-
ting and use of oxygen stores from the blood. These sources of
energy do not result in lactate accumulation and would not be
represented in oxygen uptake measured at the lungs and there-
fore were not captured in our calculations. Theseminor energy
sources could readily explain the lower apparent adjusted ox-
ygen equivalent observed between the 0–3 min time segment
and the remainder of time as they supply considerable energy
only at exercise onset in trained subjects [20]. The
contributions of oxygen stores in the blood can be estimated
as being approximately 2.3 ml O2 kg

−1 [14]. It has been esti-
mated that the oxygen equivalent of energy provided from

phosphocreatine breakdown is equal to 37 ml O2 kg
−1 active

muscle mass [8]. To account for the remaining oxygen cost
after oxygen stores have been considered, phosphocreatine in
approximately 14 kg of muscle would need to be depleted in a
75-kg subject [14]. Therefore, the total energy cost of
sustained supra-threshold exercise at a constant power output
may not be changing at any time point beyond that needed for
the increasing ventilation.

Though our findings establish that a shift in metabolic sys-
tem utilization is a major determinant of the SC of oxygen
uptake, the precise reason for this slow shift remains un-
known. During the initial min of exercise, oxygen uptake in-
creases exponentially. This is referred to as phase II of V˙ O2

kinetics. During this phase, the difference between ATP sup-
ply by aerobic metabolism and total ATP requirement is pro-
vided by anaerobic metabolism. When exercise energy de-
mand is below anaerobic threshold, the V˙ O2 increases until
a steady state is attained where ATP is provided exclusively
through aerobic metabolism. When the intensity of exercise
exceeds anaerobic threshold, anaerobic energy contributions

Fig. 5 Oxygen contributions with adjusted and total oxygen cost of
exercise over time during 9 min of cycling at 60%Δ. Each column
represents mean (± standard deviation) oxygen uptake (aerobic
contribution) of ten cycling subjects, with the light grey indicating the
oxygen uptake estimated specifically for ventilatory muscles. The dark
grey columns represent the remainder of measured oxygen consumed
which presumably provides energy for exercising muscle. The

horizontal line indicates the adjusted oxygen cost of activity over 3 min
time segments, calculated as the sum of aerobic and anaerobic glycolytic
energy contributions, minus the oxygen cost of ventilation. Thus, the
white gap under the horizontal line is indicative of anaerobic
contribution. The apparent increase in oxygen equivalent at 3 min is
largely due to the lack of consideration for immediate energy sources

Table 3 Measured parameters relating to oxygen cost calculations during cycling

Time (min) Gross V˙ O2 (ml∙3 min−1) Lactate accumulated (mmol) Ventilation (l∙3 min−1) Slow component (ml∙3 min−1)

0 to 3 9995 ± 628 6.9 ± 1.1 265 ± 30

3 to 6 12,327 ± 825* 3.7 ± 1.2* 389 ± 57* 529 ± 261

6 to 9 12,905 ± 845* 1.9 ± 1.7* 448 ± 57* 884 ± 272

Note that “3 min−1 ” indicates values that are expressed per 3 min timeframe

*Statistical significance from previous measure (line above)
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continue past the 1–3 min typically needed for V˙ O2 to reach a
steady state [9, 30]. With the exception of one case recently
published by Korzeniewski and Zoladz [17], it has not previ-
ously been considered that the rate of ATP replenishment by
anaerobic metabolism might actually continue to decrease af-
ter the time when a steady state for V˙ O2 should be achieved.
There may be an advantage to minimizing energy provided by
anaerobic glycolysis during continued exercise in the heavy
exercise domain. It is thought that we have a finite capacity of
the anaerobic system [23], so decreasing the rate at which this
energy source is used should prolong the duration that the
exercise can be tolerated. However, there must be a cellular
control mechanism responsible for this continued slow transi-
tion to aerobic metabolism.

Aerobic metabolism occurs in the mitochondrial matrix,
and is stimulated by ADP transported from the cytosol [31].
The development of the SC has been found to show parallel
kinetics to a small decrease in intramuscular PCr concentra-
tion during exercise [25]. An increase in creatine concentra-
tion following PCr hydrolysis would increase mitochondrial
creatine kinase activity [22] and lead to an increase in mito-
chondrial ADP concentration, which is known to drive aero-
bic metabolism [22]. Exercise training improves mitochondri-
al ADP sensitivity, as does prior exercise [21, 31]. There is a
reduced SC with increased fitness [32] or prior heavy exercise
[27]. The reduced SC relates to a larger change in V˙ O2 with

no change in time constant for phase II kinetics of oxygen
uptake resulting in a smaller oxygen deficit [32]. Our results
suggest that the reduced SC would relate to the smaller initial
anaerobic contribution and the resulting smaller decrease in
anaerobic contribution during phase III of the oxygen uptake
kinetics. Further research is needed to confirm this suggestion.

In addition to prior heavy exercise, the SC amplitude is also
reduced when type II motor units are glycogen-depleted
through repeated sprint exercise [5]. The smaller SC may be
caused by a faster aerobic compensation required by a com-
promised anaerobic energy system from glycogen depleted
type II fibres, leading to a greater V˙ O2 amplitude during the
fast component of V˙ O2 (phase II) and therefore a reduced SC.

The idea of a shift in metabolic energy systems leading to
the SC was recently proposed using computer modelling.
Korzeniewski and Zoladz [17] modelled the SC with an inhi-
bition of glycolysis, presumably due to increasing acidosis. It
is generally accepted that acidosis inhibits two rate-limiting
enzymes of anaerobic glycolysis: glycogen phosphorylase
and phosphofructokinase. A reduction in anaerobic glycolysis
would then necessitate an increase in aerobic metabolism to
meet the energy demand. While our results are consistent with
the output of this model, we do not feel that an increase in
proton concentrations is responsible for this shift. Hydrogen
ions have not been shown to cause feedback inhibition of
glycolysis in vivo [18]. Furthermore, increasing aerobic me-
tabolism in the face of inhibition of these key enzymes of
glycolysis would require a change in substrate to oxidation
of more fat. There is no evidence that the SC corresponds with
increased fat metabolism, which is known to be minimal dur-
ing exercise at this high intensity. Alternately, we suggest that
the SC is more likely due to a reduction in anaerobic contri-
bution spurred by an increase in mitochondrial ADP concen-
tration, regulating aerobic metabolism.

There is some debate within the literature as to the most
appropriate method of estimating anaerobic energy contribu-
tion during exercise. Most commonly, blood lactate accumu-
lated during exercise is used to estimate an oxygen equivalent
using a conversion factor of 3.0 ml O2 kg

−1 mmol−1 of lactate
accumulated as classically derived by Di Prampero

Table 4 Adjusted and total
oxygen cost of cycling exercise at
60%Δ

Time
(min)

Oxygen equivalent of
lactate (ml∙3 min−1)

Total oxygen cost
(ml∙3 min−1)

Oxygen cost of
breathing

(ml∙3 min−1)

Adjusted oxygen cost
(ml∙3 min−1)

0 to 3 1586 ± 265 11,581 ± 724 504 ± 84 11,077 ± 661

3 to 6 855 ± 287* 13,181 ± 940* 872 ± 2074* 12,309 ± 975*

6 to 9 431 ± 392* 13,335 ± 8904 1117 ± 237* 12,218 ± 845

The total oxygen cost is the sum of measured oxygen uptake and the oxygen equivalent of lactate formation
(aerobic and anaerobic sources), whereas the adjusted oxygen cost is total oxygen cost less the oxygen cost of
breathing

*Statistical significant difference from previous measure (line above)

Fig. 6 Mean (± standard deviation) ventilation rate of ten subjects during
cycling at 60%Δ

Pflugers Arch - Eur J Physiol (2017) 469:1257–1265 1263



[7, 8]. However, conversion factors as high as 5.2 ml
O2 kg−1 mmol−1 lactate accumulated have been suggested
[10]. Using this higher equivalent to calculate the anaerobic
contribution, we estimated that glycolysis leading to lactate
formation could account for 21.5 ± 2.8, 10.6 ± 3.0, and
5.3 ± 4.6% of energy supply from 0 to 3, 3 to 6, and 6 to
9 min, respectively. Although this is greater than that calculat-
ed using di Prampero’s equivalent, it remains clear that the rate
of lactate accumulation is decreasing over sequential time
segments, indicating a decreasing anaerobic contribution re-
gardless of conversion factor.

Previous observations of a dissociation between the V̇O2

SC and ATP turnover have been reported by Cannon and
colleagues [4]. These authors found that ATP turnover and V˙

O2 both increased similarly during heavy constant work rate
exercise; however, there was no relationship amongst individ-
uals between these two variables [4]. This dissociation pro-
vides further evidence that the SC is not caused by an increas-
ing energy demand. Authors then attributed the cause of the
SC to decreases in mitochondrial efficiency [4]. Our data pro-
vide an alternative interpretation. The decrease in anaerobic
glycolytic ATP production requires increased aerobic ATP
production, even with constant ATP turnover. The concept
that total energy cost may not be increasing during high inten-
sity exercise is not a new idea [4, 19, 20]. In further support of
a lack of change in efficiency, a decrease in mitochondrial
efficiency would not be expected to be associated with de-
creased rate of lactate accumulation.

It should be noted that subjects in the present study were
trained athletes. This group of individuals were chosen due to
familiarity to both cycling and the task of performing taxing
exercise. As such, findings cannot be generalized to all
populations.

Conclusion

In conclusion, we have shown that there is no change in oxy-
gen cost of a constant power cycling ride at 60%Δ after 3 min,
other than the additional oxygen uptake required to support
the increase in V̇E. As well, we have shown that the rate of
lactate accumulation during the ride, and therefore the propor-
tion of energy supplied anaerobically, decreases over the du-
ration of exercise while that which is supplied aerobically
increases to compensate. This is the first time that a shift in
energy systems has been demonstrated as a major contributor
to the SC, providing insight into this fundamental feature of
human physiology.
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