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Skeletal muscle fatigue precedes the slow component
of oxygen uptake kinetics during exercise in humans

Daniel T. Cannon!, Ailish C. White?, Melina F. Andriano?, Fred W. Kolkhorst? and Harry B. Rossiter!

!Institute of Membrane and Systems Biology, Faculty of Biological Sciences, University of Leeds, Leeds LS2 9]T, UK
2School of Exercise and Nutritional Sciences, San Diego State University, San Diego, CA 92182-7251, USA

Non-technical summary The mechanisms determining exercise intolerance are poorly under-
stood. A reduction in work efficiency in the form of an additional energy cost and oxygen
requirement occurs during high-intensity exercise and contributes to exercise limitation. Muscle
fatigue and subsequent recruitment of poorly efficient muscle fibres has been proposed to mediate
this decline. These data demonstrate in humans, that muscle fatigue, generated in the initial
minutes of exercise, is correlated with the increasing energy demands of high-intensity exercise.
Surprisingly, however, while muscle fatigue reached a plateau, oxygen uptake continued to increase
throughout 8 min of exercise. This suggests that additional recruitment of inefficient muscle fibres
may not be the sole mechanism contributing to the decline in work efficiency during high-intensity
exercise.

Abstract During constant work rate (CWR) exercise above the lactate threshold (LT), the
exponential kinetics of oxygen uptake (Vo,) are supplemented by a Vo, slow component (Vo)
which reduces work efficiency. This has been hypothesised to result from ‘“fatigue and recruitment’,
where muscle fatigue during supra-LT exercise elicits recruitment of additional, but poorly
efficient, fibres to maintain power production. To test this hypothesis we characterised changes
in the power—velocity relationship during sub- and supra-LT cycle ergometry in concert with Vo,
kinetics. Eight healthy participants completed a randomized series of 18 experiments consisting
of: (1) a CWR phase of 3 or 8 min followed immediately by; (2) a 5 s maximal isokinetic effort to
characterize peak power at 60, 90 and 120 rpm. CWR bouts were: 20 W (Con); 80% LT (Mod);
20% A (H); 60% A (VH); where A is the difference between the work rate at LT and Vo, may-
The Vo, was 238 £ 128 and 686 & 194 ml min~' during H and VH, with no discernible VOzsc
during Mod. Peak power in Con was 1025 & 400, 1219 & 167 and 1298 & 233 W, at 60, 90 and
120 rpm, respectively, and was not different after Mod (P > 0.05). Velocity-specific peak power
was significantly reduced (P < 0.05) by 3 min of H (—103 £46 W) and VH (—216 + 60 W),
with no further change by 8 min. The V¢ . was correlated with the reduction in peak power
(R? =0.49; P < 0.05). These results suggest that muscle fatigue is requisite for the Vo, ... However,
the maintenance of velocity-specific peak power between 3 and 8 min suggests that progressive
muscle recruitment is not obligatory. Rather, a reduction in mechanical efficiency in fatigued
fibres is implicated.
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Abbreviations Clpyr, 95% confidence interval of the difference; Con, control; CP, critical power threshold; CWR,
constant work rate; d, time delay; EMG, electromyography; LT, lactate threshold; Mod, moderate intensity; MPF,
mean/median power frequency; H, heavy intensity; H3, heavy intensity of 3 min duration; H8, heavy intensity of 8 min
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duration; «, number of post hoc comparisons; PCr, phosphocreatine; P;, inorganic phosphate; RER, respiratory exchange
ratio; RI, ramp incremental exercise test; SE, step exercise test; T, time constant; T2, 'H transverse relaxation time; VH,
very heavy intensity; VH3, very heavy intensity of 3 min duration; VHS, very heavy intensity of 8 min duration; Vco,,
rate of carbon dioxide output; Vi, minute ventilation; Vi/Vco,, ventilatory equivalent for carbon dioxide; Vi/Vo,,
ventilatory equivalent for oxygen; V.., maximal shortening velocity; Vo,, rate of oxygen uptake; Vo,., Vo, slow
component; Vozbl, baseline Voz; A Vozw fundamental amplitude of VOz; VOZ“ time variant form of VOz'

Introduction

In the steady state of constant work rate exercise,
ATP provision is met mainly by aerobic metabolism.
Immediately following exercise onset, however, the rate of
oxidative phosphorylation (and subsequently pulmonary
O, uptake (Vo,)) responds with finite kinetics. During
this ~2-3 min period (for moderate-intensity work rates
below the lactate threshold (LT)) energy provision is
supplemented by substrate level phosphorylation, which
is both limited in its capacity and has deleterious
consequences for the maintenance of muscle function.
At work rates above LT, however, the attainment of a
steady state is delayed even further, which necessitates
additional and progressive anaerobic contributions to the
energy transfer. Here, Vj, kinetics are slowed by the
action of a supplemental, slowly developing phase termed
the Vo, slow component (Vo) (Poole, 1994), which
reflects a reduction in efficiency during supra-LT exercise.
During exercise between LT and the ‘critical power’ (CP)
asymptote (termed heavy intensity) the Vo, can still attain
a steady state; however, this is delayed by as much as
15 min (Poole et al. 1988). During exercise above CP
(very heavy intensity), however, a steady state is never
achieved (Poole et al. 1988), and the rates of both substrate
level and oxidative phosphorylation continue to rise until
the work rate is reduced or Vo, may attained (Jones et al.
2008). As such, the Vg ;. has been closely linked with the
development of exercise intolerance (Rossiter et al. 2002a;
Whipp & Rossiter, 2005). The mechanism(s) responsible
for the Vo, ., however, remain uncertain.

It is well understood that the majority of the Vo
(>85%) originates from the locomotor muscles (Poole
et al. 1991; Rossiter et al. 2002b) and is coincident
with a progressive rise in blood [lactate]/[pyruvate] and
muscle [inorganic phosphate] (P;) and [H*] (Poole
et al. 1988; Jones et al. 2008). In addition, contributions
to the Vo, from processes such as increased cardiac
and ventilatory work, lactate clearance, B-adrenergic
stimulation and increased temperature appear to be
minimal in comparison to that from skeletal muscle O,
consumption (Gaesser, 1994; Poole, 1994; Koga et al.
1997). The most prevalent hypothesis, therefore, is that
the Vozsc is consequent to a progressive increase in motor
unit recruitment during supra-LT exercise (Whipp, 1994).
This increased recruitment, it is suggested, is required to
maintain force production in the face of muscle fatigue,
and results in an increased reliance on poorly efficient

2

type II fibres (Crow & Kushmerick, 1982; Hunter et al.
2001; Han et al. 2003). This ‘fatigue and recruitment’
hypothesis, therefore, suggests that the ATP and O, cost of
constant work rate (CWR) exercise rises during fatigue,
which is manifest as the Vi, (Rossiter et al. 2002b).
However, evidence supporting either the muscle fatigue
or the progressive recruitment during supra-LT exercise
in humans is equivocal.

A progressive increase in regional muscle activation,
as estimated by magnetic resonance imaging (Saunders
et al. 2000; Endo et al. 2007), and an increased type II
fibre recruitment following glycogen depletion in type I
fibres (Krustrup et al. 20044a), have each been shown to
relate to the magnitude of the Vg . This is consistent
with the ‘recruitment’ component of the hypothesis.
However, observations using surface electromyographic
(EMG) activity or mean/median power frequency (MPF)
are more variable, with some findings being consistent
with a progressive recruitment (Shinohara & Moritani,
1992; Borrani et al. 2001; Perrey et al. 2001; Burnley
et al. 2002; Sabapathy et al. 2005; Bernasconi et al. 2006;
Osborne & Schneider, 2006; Vercruyssen et al. 2009; Hirai
et al. 2010) and others showing no change in recruitment
during the Vg . (Lucia et al. 2000; Scheuermann et al.
2001; Pringle & Jones, 2002; Avogadro et al. 2003, 2004;
Tordi et al. 2003; Cleuziou et al. 2004; Garland et al. 2006;
Migita & Hirakoba, 2006). Moreover, when all motor units
are recruited using electrical stimulation, an increase in
the O, cost of force production has been observed in
canine (Zoladz et al. 2008) and frog (Nagesser et al. 1993;
Hepple et al. 2010) muscle, suggesting that recruitment is
not a necessary event for the Vg ... Rather, these findings
from animal preparations suggest that the Vo is due to
an increased ATP and/or O, cost of force production in
fatigued muscle.

In humans, muscle fatigue has been reported at exercise
intensities and over durations for which a Vo, would be
expected (Sargeant & Dolan, 1987), a finding consistent
with the ‘fatigue’ part of the hypothesis. Furthermore, peak
power production during an all-out 10 s, Wingate-style
test was reduced after supra-I'T, but not moderate
intensity, exercise (Yano et al. 2001). Additionally, when
all-out exercise is sustained for up to 3 min, VO2 continues
to rise (at least until Vo, may is reached) despite a fall in
power output, consistent with a high O, cost of power
production in fatigue (Burnley et al. 2006). While these
data are consistent with the ‘fatigue and recruitment’
hypothesis of the Vg, estimation of muscle fatigue by
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Table 1. Physical characteristics for the eight participants
Participant  Sex Age Height Weight LT Vozmax
(cm) (kg) (I min=") (I min=")
1 F 24 175 61 1.63 2.83
2 M 25 171 71 1.60 3.03
3 F 24 178 64 1.55 2.71*
4 M 27 183 71 3.20 4.87
5 M 25 167 54 1.38 3.10
6 M 28 172 68 1.90 3.54
7 M 24 178 70 1.68 3.60%
8 M 23 171 70 1.50 3.31
Mean (s.p.) 25 (2) 174 (6) 66 (6) 1.80(0.58) 3.37(0.68)
: vozpeak
these latter methods is complicated by the fact that peak  Exercise protocols
power is dependent on the contraction velocity at which . .
All  exercise tests were undertaken wusing a

it is measured (Beelen & Sargeant, 1991).

Thus, the aim of this study was to address whether
muscle fatigue precedes the Vo, during dynamic exercise
in humans. This was done by characterising the changes in
velocity-specific peak power during moderate, heavy and
very heavy-intensity cycling in concert with the kinetic
features of V,. To achieve this we used instantaneous
switching between constant work rate and isokinetic
(constant velocity) cycling with pedal force measurement,
at discrete time points during exercise with and without
a Vo,e. We hypothesized that the magnitude and
time-course of muscle fatigue during exercise above LT
would be related to the kinetics of the V.

Methods
Ethical approval

Both the San Diego State University Institutional Review
Board and The Biological Sciences Faculty Research Ethics
Committee, University of Leeds, approved this study, and
all procedures complied with the latest revision of the
Declaration of Helsinki. Written informed consent was
obtained from all volunteers prior to their participation
in the study.

Participants

Eight healthy university students (2 females, 6 males)
volunteered to participate in this study. Physical
characteristics are presented in Table 1. All participants
were undertaking a regular exercise regimen ranging
from recreational fitness to amateur competitive sport.
Volunteers were screened for cardiovascular disease
with a health history and physical activity readiness
questionnaire.

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

computer-controlled electromagnetically braked cycle
ergometer (Excalibur Sport PEM, Lode BV, Groningen,
the Netherlands). Initially, participants completed a ramp
incremental (RI) exercise test to the limit of tolerance. For
this, participants sat at rest on the ergometer for ~1 min,
followed by a low work rate exercise (20 W) for ~4 min.
The work rate was then increased as a smooth function of
time at 20 W min~! until reaching the limit of tolerance.
Participants were allowed to self-select a comfortable
pedal cadence, but thereafter encouraged to maintain it
within approximately +10 rpm (typically 80-100 rpm).
The RI was terminated upon the participant being
unable to maintain a pedal cadence of 50 rpm, despite
strong verbal encouragement. Upon reaching the limit of
tolerance, participants were given a 5 min period of active
recovery at 20 W after which a step increase in work rate
was made to 105% of the peak work rate achieved during
RI (SE105) (Rossiter et al. 2006). Again, participants
were given strong verbal encouragement until the limit
of tolerance, where the work rate was reduced to 20 W
for at least 5 min of active recovery. The results of this RI
and SE105 test were used to estimate LT and determine
Vo,max» and to calculate work rates for the subsequent
tests.

A series of exercise tests was then completed in
a randomized order (Fig.1). Each test consisted of
two phases: (1) a constant work rate (CWR) phase,
followed immediately by; (2) a maximal isokinetic
effort, maintained for five crank revolutions, to measure
velocity-specific peak torque and power.

The participants completed CWR bouts at each of:
(1) 4min at 20 W (Con); (2) 8 min at 80% LT (Mod);
(3) 20% A (H), where A is the difference between the
work rates at LT and peak RI; and (4) 60% A (VH). H
and VH conditions were completed for each of 3 and
8 min (i.e. H3, H8, VH3 and VHS8). These time points
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were chosen to represent the earliest time at which the
Vo,« could be readily identified and to allow a sufficient
duration for its evolution. The Con trial acted as a base-
line characterization, or ‘time 0’ (Fig. 1). The work rates
were chosen to span the thresholds of the moderate
(Mod), heavy (H) and very heavy (VH) intensity domains
and were verified post hoc from the dynamic features
of VOz .

Immediately upon completion of the CWR phase of the
test, the ergometer was instantaneously switched into an
isokinetic mode that limited the peak pedalling frequency
to either 60, 90 or 120 rpm. The participants were given
an auditory cue to begin a maximal effort in the seated
position and strong verbal encouragement was given
throughout the five crank revolutions. On completion of
the maximal isokinetic effort the ergometer was returned
to the CWR, cadence-independent mode at 20 W for 5 min
of active recovery.

This series of exercise tests required a total of 18
laboratory visits to characterise peak power at each of

Con Mod
* *
80%LTS —~ ““';I-—- -LT
L] L]
H3 H8
* &

20%A 4

Work Rate

60%A =

0 8
Time (min)

Figure 1. A schematic showing the exercise protocols for
measurement of peak isokinetic torque (and power) over time
during exercise at 80% LT (Mod), 20% A (H) and 60% A (VH)
Maximal efforts for 5 crank revolutions were performed at time
points represented by *. Velocity-specific peak power was measured
at each of three target pedalling cadences (60, 90 and 120 rpm) with
each test completed on a different day and in a randomized order.
This required a total of 18 laboratory visits for each participant. Vo,
was measured breath-by-breath throughout each test.

J Physiol 589.3

the three pedalling frequencies (60, 90 and 120 rpm) for
the six different CWR trials (Con, Mod, H3, H8, VH3 and
VHS). Each test was completed on a separate day with at
least 24 h free of strenuous physical activity and at least
12 h abstinence from alcohol or caffeine.

Measurements

The cycle ergometer was instrumented for pedal force
measurement. Crank torque was measured independently
from the left and right crank arms by strain gauge
transducers (peak force 2000N, <0.5N resolution
and measurement uncertainty of <3%). Instantaneous
angular velocity of the crank (rads™') was measured
every 2 deg using three independent sensors sampling in
series (measurement uncertainty of <1%). The isokinetic
velocity was limited by the electromagnetic breaking
system of the flywheel and computer controlled to the
value programmed by the experimenter. Maintenance of
the target pedalling frequency was confirmed post hoc from
the data output.

The peak torque in each isokinetic phase was used to
characterize the velocity-specific muscle torque in the left
and right crank arms. Velocity-specific peak power at each
constant pedalling frequency was then calculated from the
product of peak torque and instantaneous angular velocity.

Respired gases were measured breath-by-breath
throughout the exercise protocols via a metabolic
measurement system (Oxycon Mobile, VIASYS Healthcare
GmbH, Hochberg, Germany). Participants breathed
through a low-resistance (<0.1kPal™' s~ ' at151s7 '), low
dead space (155 ml) mouthpiece, while gas concentrations
were measured with a fast-response electrochemical
oxygen measuring cell and a thermal conductivity carbon
dioxide analyser (both <80 ms 90% response time after
digital filtering). The gas analysers were calibrated using
atmospheric air and precision-verified calibration gases
to span the range of respired gas concentrations. Flow
rates and volumes were measured with an infrared turbine
flow sensor that was calibrated before each test across a
range of physiological flow rates (0.1-2.01s™') using an
electronic pump. Arterial saturation (S,0,) was measured
at the earlobe using pulse oximetry (Nonin 8000Q 1m,
Nonin Medical Inc., Plymouth, MN, USA) and heart rate
was measured from the R-R interval (Polar Electro Oy,
Finland).

Data analyses

The LT was estimated non-invasively using multiple gas
exchange criteria through consideration of the profiles
of Vo,, carbon dioxide output (Vco,), end-tidal partial
pressures for CO, and O,, as well as ventilatory equivalents
(Vg/ Vco2 and Vg/ Voz) and the respiratory exchange ratio

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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(RER) (Beaver et al. 1986). Peak pulmonary gas exchange
values were determined from the highest 12 breath mean,
and VOzpeak during RI and SE105 were compared within
each participant to establish Vo, max.

Vo, kinetics were modelled using non-linear
least-squares regression (OriginPro 7.5, OriginLab Corp.,
Northampton, MA, USA). Breath-by-breath V,, was
filtered for errant breaths (i.e. values resulting after sighs,
swallows, coughs etc., defined as residing outside of
99% prediction limits) and interpolated to 1 s intervals.
Responses from like transitions were ensemble averaged
to improve the signal-to-noise and averaged into 5 s bins
for non-linear regression fitting according to the following
function:

VOzt = Vozbl —+ AVOzSS . (1 _ e—(t—d)/r)

where Vo, Vou and AV, are the time variant form,
baseline and fundamental amplitude of V,, respectively.
The model includes a time delay (d) and a time constant
(7). The fitting window was determined from an iterative
process (Rossiter et al. 2001) to ensure the exclusion of the
cardiopulmonary phase (generally the first 15-25 s) and
phase III (steady-state or slow component, depending on
the intensity domain). The magnitude of the Vg, was
expressed as the difference in Vo, between the amplitude
of the fundamental (Vo + AV ) and the end-exercise
values.

Statistical analyses

The difference between the Vozpeak values from RI and
SE105 were examined using unpaired t tests, to establish
the attainment of Vo,peak 0O Vo, max. The relationship
between the velocity-specific peak power, used to measure
fatigue, and V. were assessed with a Pearson correlation
coefficient. The torque—velocity and power—velocity
relationship for Mod, H and VH exercise were compared
with a two-factor (time x pedalling frequency) repeated
measures ANOVA. Bonferroni corrected ¢ tests (¢ = ov.k ™'
where « is the number of post hoc comparisons) were used
in the case of a significant ANOVA to identify the locus of
the differences. Statistical significance was set at P < 0.05.
All analyses were completed using the Statistical Package
for the Social Sciences (SPSS v.15.0, SPSS Inc., Chicago,
IL, USA).

Results

Participants attained a peak work rate during RI of
293 + 58 W, thus the SE105 work rate was 307 £ 66 W.
Vo, max (3.37 £ 0.68 I min~!) was confirmed in 6 of the
8 participants completing the RI SE105 protocol (the
other two achieving Vo,pear). Estimated LT averaged
1.80 £ 0.58 I min~", or 52 % 7% of Vo, peax (Table 1). Work

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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rates determined for Mod (80% LT), H (20% A) and VH
(60% A) exercise were 93 & 33, 148 & 46 and 222 + 51 W,
respectively.

Oxygen uptake kinetics

Representative examples of the Vi, responses during Mod,
H and VH exercise for one participant are superimposed
in Fig.2, and the parameter estimates describing Vo,
kinetics for all participants are presented in Table 2. The
fundamental T was similar across the intensity domains
(Mod, H and VH) (P > 0.05). A V(. was not discernible
in Mod (38 £ 88 ml min~!, which was not different from
zero; P> 0.05), but became apparent during exercise
above LT with the Vg, in H (238 + 128 ml min~') being
significantly less than that in VH (686 & 194 ml min™")
(P < 0.05).

Velocity and torque measurements

The mean isokinetic pedalling frequency was close to
the target cadence (60, 90 and 120 rpm) during Con:
59.6 £2.2,90.4 + 1.1 and 120.5 £ 2.3 rpm. There was no
difference between the measured pedalling frequencies
(within each target) across the six conditions (P > 0.05;
Table 3). Peak torque was similar between the left and right
crank in all conditions (P > 0.05); thus, the measurements
from both crank arms were averaged for all further
analyses. Peak torque measured during all trials is
presented in Table 3. In Con, as expected, peak torque
was reduced at each increment in pedalling frequency
(F=52.9; P < 0.05; 17 = 88). The peak torque and angular

3000
~ 20004
=
E
£
S 10004, »

0 ; : ; .
0 240 480 720
Time (s)

Figure 2. Superimposed Vo, responses during Mod (e), H (0)
and VH (m) for a representative individual

Fundamental (phase II) kinetics are characterised with non-linear
least-squares regression modelling (continuous line), with the fit
extrapolated (dashed line) to the end of the CWR bout.
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Table 2. Kinetic parameters Vo, during moderate (Mod), heavy (H) and very

heavy (VH) intensity exercise

Mod H VH

Vo,bi (ml min=T) 744 (112) 729 (94) 765 (97)
AVo,ss (ml min=") 774 (356) 1349 (533)" 1876 (433)"2
AVo,ss/AW (ml min~—! W-1) 10.6 (0.9) 10.5 (0.8) 9.3 (0.8)":2
7 (s) 21.4(7.8) 22.6 (3.8) 26.4 (7.2)
Clgs 7 (s) 3.6 (2.7) 1.5 (0.7) 1.1 (0.5)?
d (s) 16.0 (4.0) 11.4 (4.7) 7.5 3.3)!
AVo,sc (ml min=") 38 (88) 238 (128)" 686 (194)'-2

'Significantly (P < 0.05) different from Mod. 2Significantly (P < 0.05) different

from H.

Table 3. Pedalling frequency and peak crank torque measured during a maximal isokinetic effort performed
instantaneously following constant work rate exercise of varied intensity and duration

Intensity Con Mod H VH
Time (min) 0 8 3 8 3 8
Cadence (rpm)
60 59.6 (2.2) 58.3 (1.8) 58.4 (2.4) 60.0 (2.0) 58.6 (2.9) 59.1 (3.0)
90 90.4 (1.1) 90.8 (1.4) 90.1 (0.6) 90.8 (1.4) 91.2(1.1) 91.6 (1.0)
120 120.5 (2.3) 120.5 (1.9) 120.5 (1.3) 122.4(1.7) 121.2 (2.6) 120.0 (4.3)
Torque (Nm)
60 144.0 24.7) 138.5(20.2) 133.8(20.3) 134.0 (15.4) 132.1(18.1) 126.9 (16.1)
90 1289 (18.2) 125.5(20.0) 119.7 (25.3) 116.2 (19.9) 102.4 (18.8) 105.4 (28.1)
120 103.0 (18.9) 103.7 (20.2) 94.2 (19.5) 101.0 (22.6) 78.2 (18.7) 77.6 (19.5)
Mean (s.p.) 1253(26.3) 122.6(242) 116.0(26.8)' 117.1(23.2)' 104.2(28.7)'2 103.3(29.3)"3

TSignificantly (P < 0.05) different from Con. 2Significantly (P < 0.05) different from H3. 3Significantly (P < 0.05)

different from H8.

velocity measurements were then used to calculate peak
power.

Peak power after constant work rate exercise

Velocity-specific peak power increased as a function
of pedalling frequency in Con (1025 % 400, 1219 £+ 167
and 1298 233 W for 60, 90 and 120 rpm, respectively)
(F=5.08; P<0.05 1 =0.42). Following Mod, the
main effect of pedalling frequency remained (P < 0.05);
however, no effect of time (i.e. between 0 (Con) and
8 (Mod) minutes; F=2.89; P> 0.05 7 =0.29) or
interaction was detected (F=0.79; P > 0.05; 1 =0.10).
Therefore, velocity-specific peak power in Mod was similar
to Con (mean peak power 1155 &+ 240 W vs. 1181 £ 246 W,
respectively; Fig. 3).

Measurements made in H (Fig. 3) revealed a main effect
of pedalling frequency (F=10.6; P <0.05; i =0.60)
and time (F=30.3; P < 0.05; # =0.81), but no inter-
action was detected (F=1.45; P> 0.05 ¥ =0.17).
Post hoc analyses revealed a significant (P < 0.05)
reduction in velocity-specific peak power in both H3

(1078 £ 243 W vs. 1181 £ 246 W) and H8 (1117 +=243 W
ys. 1181 £246 W) compared with Con. However, H3
and HS8 did not differ (P > 0.05; 95% confidence inter-
val (Clys) of the difference; Clpi —39, 12 W), indicating
that velocity-specific peak power was maintained between
3 and 8 min in heavy-intensity exercise. In one case (at
120 rpm) there was a small increase in peak power between
H3 and H8; however, this small adjustment was apparently
too limited for a significant interaction between pedalling
frequency and time to be detected (Fig. 3).

The reduction in velocity-specific peak power over
time in VH revealed a significant interaction (F = 3.60;
P <0.055 177 =0.34), indicating a flattening of the
power—velocity relationship. Post hoc analyses revealed
a significant (P < 0.05) reduction in peak power at all
pedalling frequencies in VH3 compared with Con, with
the greatest reduction in peak power occurring at 120 rpm
(=302 + 117 W) compared with 60 rpm (—105 £ 64 W)
or 90 rpm (—241485W) (Fig.3). However, VH3 and
VHS did not differ (P > 0.05; Clp;g —51, 60 W), indicating
that velocity-specific peak power was maintained between
3 and 8 min in very heavy-intensity exercise (Fig. 3).

© 2011 The Authors. Journal compilation © 2011 The Physiological Society
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Additionally, comparison of the H and VH conditions
revealed an interaction between velocity-specific peak
power and time at both 3 (F=8.4; P < 0.05; i = 0.55)
and 8 (F=10.4; P<0.05 1 =0.60) minutes. The

2000, Mod
g 1600 -
[ N
£ 12004 . :
o
o $
4
T 800
o
400 . : ;
80 90 120
Pedalling Frequency (rpm)
2000, Heavy
I |
g 1600 4
T s
1200 - .
3 o 7
o .
x ol
S 800
o
400 . . .
60 90 120

Pedalling Frequency (rpm)

2000, Very heavy

*4
§ 1600 4
- R J
2 12004 .
<}
o iy o —
i 800 -
o
400 : ; .
60 90 120

Pedalling Frequency (rpm)

Figure 3. Velocity-specific peak power developed during a
maximal isokinetic effort, plotted as a function of pedalling
frequency

Panels: Mod: @, Con; 0, Mod. Heavy: @, Con; O, H3; O, H8. Very
Heavy: @, Con; 0, VH3; 0, VH8. *Significant (P < 0.05) main effect
of time; power during H3/VH3 and H8/VH8 significantly (P < 0.05)
lower than Con. tSignificant (P < 0.05) interaction (time x pedalling
frequency) was present. Error bars are s.p.
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difference in velocity-specific peak power between H3 and
VH3 was greatest at 120 rpm (—194 £ 76 W), compared
with 60 rpm (—5=+ 129 W) and 90 rpm (—151 =81 W).
These differences were similar in magnitude between H8
and VH8 (Fig. 3).

Skeletal muscle fatigue and the slow component

Across intensities, the overall reduction in peak power
(i.e. the magnitude of muscle fatigue) was correlated
(P <0.05) to the Vo, (R?>=0.49; Fig. 4). Additionally,
the relationship between skeletal muscle fatigue and the
Vo,sc Was strongest at the higher contraction velocities
(Fig. 5), consequent to the interaction (time x pedalling
frequency) in the VH condition.

Discussion

These data demonstrate for the first time in humans
that muscle fatigue, determined from a velocity-specific
reduction in peak power, occurs in heavy- and very
heavy-intensity exercise above the LT where a Vg . is
present. In contrast, during moderate-intensity exercise
where a V. was not evident, the velocity-specific peak
power was maintained at the control level (at least between
the pedalling frequencies of 60 and 120 rpm).

As hypothesised, the velocity-specific reduction in peak
power was correlated to the V. To our surprise,
however, the time course of fatigue was unrelated to the
Vo,s progression, because velocity-specific peak power
was unchanged (or even recovered in the rare case; H8 at
120 rpm) between 3 and 8 min of supra-LT exercise where
the Vo, was most evident. Thus, only 3 min of constant
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work rate exercise at 20% A was required to induce
fatigue, but the attenuation in velocity-specific peak power
developed prior to, and not in concert with, the Vo .
Additionally, both fatigue and the Vi, were greater
during exercise at 60% A (VH) compared with 20% A
(H) but, again, fatigue was not exacerbated between 3 and
8 min of exercise. Thus, whereas fatigue was generated
early in the exercise transient, the apparent consequences
of this fatigue continued throughout the exercise. Over-
all, these data suggest that the increase in the ATP and/or
O, cost of exercise during supra-LT exercise may be more
closely related to the metabolic consequences of muscle
fatigue rather than to additional recruitment of poorly
efficient muscle fibres.

Skeletal muscle fatigue and the Vo,s.

Various mechanisms have been proposed to contribute
to the Vo, such as increased ventilatory and cardiac
work, lactate clearance, stimulation from circulating
catecholamines and increased temperature. However, the
total contribution of these processes to the Vo . appears
to be small (Gaesser, 1994; Poole, 1994; Koga et al. 1997),
because locomotor muscle O, consumption accounts for
more than 85% of the pulmonary Vo, (Poole, 1994) —
a feature that is mirrored in the kinetics of intramuscular
PCr breakdown (Rossiter et al. 2002b). As the Vo . is
only observed during exercise above LT where a sustained
alteration in muscle and blood acid—base status is manifest,
it has been suggested that skeletal muscle fatigue is the
event required to initiate the rise in the O, cost of exercise
(Shinohara & Moritani, 1992; Gaesser & Poole, 1996; Yano
et al. 2001). However, evidence to support this notion is
sparse.

The heavy- and very heavy-intensity work rates used
here (~150 and ~220 W, respectively) were considerably
below the peak power (~1150 W) and therefore may not
be expected to result in substantial muscle fatigue, at
least not during the first 3 min of exercise. However, the
presence of skeletal muscle fatigue has been reported
during cycling exercise at work rates consistent with those
used here, i.e. work rates that would be expected to resultin
a Vo5 (Sargeant & Dolan, 1987). In addition, it has been
shown that a reduction in peak power duringa 10 s all-out
sprint (an abbreviated “‘Wingate’ style test) was manifest
following exercise above, but not below, LT (Yano et al.
2001). However, because peak torque (and power) during
cycling is dependent on the muscular contraction velocity,
the latter observation is complicated by the fact that the
pedalling cadences used to estimate peak power differed
between conditions.

Thus, isokinetic cycle ergometry has been used in
conjunction with torque measurements at the crank to
characterise maximal power production across a range
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of contraction velocities. This approach demonstrated
that reductions in peak power after fatigue in cycling are
dependent on the pedalling frequency (Beelen & Sargeant,
1991) and, therefore, any estimation of muscle fatigue
requires that contraction velocity be controlled. These
findings are corroborated in the present data, where peak
power was dependent on pedalling frequency during the
isokinetic phase, with muscle fatigue being absent in Mod
and progressively greater in the H and VH conditions.
Additionally, the magnitude of muscle fatigue was strongly
correlated with the magnitude of the Vo .. (Fig. 4), which
is consistent with the hypothesis that muscle fatigue is a
requisite event for the induction of progressive inefficiency
that the Vo, represents.

Also in line with previous findings, a greater magnitude
of fatigue was present at 120rpm in VH compared
with 60 or 90 rpm. This has been suggested to reflect
greater fatigue in type II muscle fibres that, compared with
type I fibres, have a proportionally greater contribution to
absolute power production at high shortening velocities
and a greater decline in absolute power during fatigue
(Beelen & Sargeant, 1991; Sargeant, 1999). Therefore,
because the Vo, was also larger in the VH condition,
this is consistent with the notion that fatigue of type
II muscle fibres is associated with a larger V. Such
proportionality, however, would only be expected if
the effect of fatigue on efficiency were similar in both
fibre types (see ‘Fatigue and skeletal muscle contra-
ctile efficiency’ for further discussion of this point).
While it is not possible to know the contribution of
the different fibre types to the overall fatigue profile
using this technique, the present data are consistent
with the notion that the magnitude of muscle fatigue
is related to the magnitude of the V. However, the
‘fatigue and recruitment” hypothesis suggests that the Vo .
results from a fatigue-induced recruitment of additional
motor units (presumably containing poorly efficient type
II muscle fibres), which would be necessitated by a
progression of muscle fatigue after 3 min of exercise —
a feature that was, to our surprise, absent in both H and
VH conditions.

Motor unit recruitment during supra-LT exercise

While numerous reports in the literature provide evidence
in support of progressive motor unit recruitment during
constant work rate supra-LT exercise (Shinohara &
Moritani, 1992; Saunders et al. 2000; Borrani et al. 2001;
Perrey et al. 2001; Burnley et al. 2002; Krustrup et al.
2004a,b; Sabapathy et al. 2005; Bernasconi et al. 2006;
Osborne & Schneider, 2006; Endo et al. 2007; Vercruyssen
et al. 2009; Hirai et al. 2010), there is also a substantial
volume of work that fails to corroborate this hypothesis
(Lucia et al. 2000; Scheuermann et al. 2001; Pringle &
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Jones, 2002; Avogadro ef al. 2003, 2004; Tordi et al.
2003; Cleuziou et al. 2004; Garland et al. 2006; Migita &
Hirakoba, 2006; Zoladz et al. 2008; Hepple et al. 2010). The
lack of a change in MPF or amplitude in the surface EMG
signal during supra-LT exercise may have resulted from a
low sensitivity of the technique relative to that expected
from the changes in the motor unit recruitment pattern.
It has been posited that fatiguing type Ila/x fibres may
be replaced by proportionally more type I fibres (Pringle
et al. 2003), which are less efficient at high shortening
velocity and generate less force (He et al. 2000). The net
result could be unchanging EMG amplitude and MPF
due to the characteristics of type I fibres (Garland et al.
2006). Alternatively, the accumulation of extracellular
K* resulting from muscular contraction may blunt the
propagation of action potentials across the cell membrane
and reduce MPF (Gamet et al. 1993). Therefore, the use
of EMG to characterise activity of different fibre types has
been questioned (Farina, 2008; von Tscharner & Nigg,
2008), highlighting the difficulties in confident inter-
pretation of alterations in motor unit activity from changes
in the EMG signal. As an alternative, therefore, tools such
as magnetic resonance imaging and muscle biopsy have
been used to provide a characterisation of recruitment
and metabolic changes in contracting skeletal muscle in
concert with the Vo .

The proton transverse relaxation time (T2) of
the magnetic resonance image increases with the
accumulation of osmotically active ions (and therefore
water), and correlates with local muscle activity in
humans (Adams et al. 1992). Using this technique,
proportional increases in muscle activation (and
presumably recruitment) and the Vi, have been
demonstrated during supra-LT exercise in humans
(Saunders et al. 2000; Endo et al. 2007). However, changes
in T2 are influenced by both the metabolic changes in
active muscle fibres and recruitment (Meyer & Prior,
2000), and therefore, the coincidence of lengthened T2
and Vg, may not solely reflect de novo muscle fibre
recruitment.

Using invasive techniques such as muscle biopsy, it has
been demonstrated that reductions in [PCr] were present
in type II fibres only during exercise above, not below,
LT, suggesting that their recruitment is limited to the
higher-intensity domains (Krustrup et al. 2004b). This
method shows that the number of fibres expressing a low
[PCr] increases during the Vo, consistent with increased
fibre recruitment. However, because it is only possible to
assess a small sample of tissue using this technique, and
that the location varies with each serial biopsy, it is a
matter of surmise whether the increased incidence of single
fibres with reduced [PCr] between 3 and 6 min of exercise
actually results from increased motor unit recruitment.

Therefore, while these data are consistent with
progressive motor unit recruitment during the Vo,
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evidence supporting a mechanistic link has remained
elusive. It is of interest, therefore, that the dynamics of
muscle fatigue in the present study suggest that progressive
recruitment may not be obligatory to initiate a V4, at
least after the first 3 min of exercise.

The fatigue dynamics during H and VH exercise in the
present study (a rapid onset followed by a maintenance
of peak torque) are very similar to previous reports in
the literature (Sargeant & Dolan, 1987), and follow a time
course that is consistent with changes in fatigue-related
intramuscular phosphates. For example, intramuscular
[P;] and [ADP] accumulate most rapidly during the first
3 min of constant work rate exercise, with only small
changes thereafter (Hultman et al. 1967; Rossiter et al.
2002a). Furthermore, in skinned skeletal muscle fibres,
low levels of P; accumulation (<20 mM) are associated
with large reductions in force production (>40%),
whereas further increases in [P;] alone have little
additional effect on force (Cooke & Pate, 1985). Also,
the recovery of peak power has been estimated to have
a half-time of 32 s, mirroring the resynthesis kinetics of
PCr (Sargeant & Dolan, 1987). Whether fatigue occurs
via disruption at the crossbridge itself, or through P;
entry to the sarcoplasmic reticulum and Ca*" precipitate
formation (Allen et al. 2008) remains unclear, but the
dynamics of fatigue in this study appear to reflect well the
kinetics of known fatigue-related metabolites.

Thus, while we originally reasoned that the dynamics
of muscle fatigue would mirror those of the V., this
was not the case, suggesting that power output from active
fibres was sufficient to meet the demands of the exercise
during this phase, and that additional fibre recruitment
would therefore be unnecessary. Using the present data
it is not possible to rule out that a cyclic, or selective,
motor unit recruitment occurred during the Vo, (at
the cost of contractile efficiency) in order to protect
against a reduction in force output. Such a migration of
motor unit activity without concomitant changes in the
velocity-specific peak power production seems unlikely
and is inconsistent with the size principle (Henneman,
1957; De Luca & Hostage, 2010). Selective recruitment has
been observed where a rapid increase in power production
is required, but it seems unlikely during the CWR exercise
of the present study (Hodson-Tole & Wakeling, 2009).
This suggests that cyclical recruitment of type II muscle
fibres may not be a major contributor to the Vo, in this
study. Rather, the present data are more consistent with
a degradation in muscle efficiency during the Vo that
occurs without recruitment changes, not unlike in situ
observations available in the literature (Nagesser et al.
1993; Barclay, 1996; Zoladz et al. 2008; Hepple et al.
2010). This suggests that the V(. may be consequent to
the metabolic disturbances from fatigue in muscle fibres
recruited from exercise onset.

J Physiol 589.3

Fatigue and skeletal muscle contractile efficiency

An increased rate of O, consumption has been shown in
isolated Xenopus laevis fibres following fatigue without
additional fibre recruitment (Nagesser et al. 1993). In
these experiments, force output fell substantially but
the rate of O, consumption persisted at its maximum
(Nagesser et al. 1993), akin to the increase in O, cost
of power output seen during the Vg, in humans. This
slow component-like response has also been shown in
an electrically stimulated pump-perfused canine hindlimb
model, where the time—tension integral was reduced but
Vo, was maintained (Zoladz et al. 2008). Together these
data show that a progressive reduction in efficiency can
occur without alterations in motor unit recruitment (as
all motor units are recruited during electrical stimulation)
(Zoladz er al. 2008). Moreover, a greater change in
intracellular Po, has been observed in slowly fatiguing
single Xenopus type III muscle fibres compared with
their fast-fatiguing counterparts (Hepple et al 2010).
The implication from these data is that the O, cost of
force production may increase during fatigue in human
type I fibres, whereas it remains constant during fatigue in
type 11 fibres. The present data, showing maintenance of
velocity-specific peak power production during the Vo,
are consistent with this mechanism.

It is important to note that estimates of contrac-
tile velocity during cycling at 90 rpm (such as in the
present study) relate to ~50% of whole muscle V.
(Sargeant, 1999). Using estimates from mouse fibre
bundles, it has been suggested that type I fibres exhibit
a reduction in mechanical efficiency during fatigue at
contraction velocities greater than ~10% V,,x (Barclay,
1996). Mechanical efficiency of type II fibres in a fatigued
state, on the other hand, is relatively well protected up
to ~60% V..« (Barclay, 1996). Therefore, at contraction
velocities appropriate for comparison to cycling exercise
in humans (i.e. accounting for the differences in V
between mouse and human fibres), a moderate degree
of fatigue (reduction in peak force) in type I fibres may
have a greater influence on efficiency than comparable
fatigue in type II. In other words, at contraction velocities
corresponding to 90 rpm, human type I fibres are likely to
reside on the descending limb of their efficiency—velocity
relationship (Sargeant, 1999), which is highly sensitive
to fatigue because they may exhibit appreciably more
force-generating states that resist filament sliding (Barclay,
1996). Type II fibres, however, may be on the ascending
limb of their efficiency—velocity relationship, which is
relatively well protected during fatigue.

The present data are consistent with the notion that
fatigue is necessary to initiate the Vg and, while
speculative, in situ observations from muscle preparations
(Nagesser et al. 1993; Barclay, 1996; Zoladz et al. 2008;
Hepple et al. 2010) suggest this increase in ATP and/or O,
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cost of power production may derive, in large part, from
a reduced mechanical efficiency in type I fibres during
fatigue. Therefore, the large fall in power production at 120
rpm during VH in the present study presumably reflects
type II fibre fatigue that is not expected to have a large
impact on efficiency during exercise at 90 rpm. Rather
fatigue in type I fibres, exposed by isokinetic cycling at 60
rpm, may have a greater impact on efficiency and the Vi,
during supra-LT CWR exercise.

Additional considerations

After exercise onset, the time at which the V. is initiated
is unknown. It has been recently highlighted (Stirling &
Zakynthinaki, 2009; Whipp, 2009) that the observation of
the Vo,sc at 2-3 min after exercise onset may reflect its
emergence from the large-magnitude fundamental phase
rather than its time of onset. That is, the slow kinetics
inherent in the V(.. may mean that it is only observable
(with current techniques) after the first few minutes of
exercise, but that it may actually begin closer to, or at,
exercise onset (Stirling & Zakynthinaki, 2009). This is an
important consideration in our study, as the temporal
association (or dissociation) of skeletal muscle fatigue and
the Vo, is dependent on this time delay. The absence
of a distorting influence in the exponential fundamental
phase has been used as evidence to suggest that the onset
of the Vo, is actually delayed from exercise onset (Whipp,
2009). An absence of the V. in the recovery kinetics of
fatiguing exercise lasting less than ~60s (Turner et al
2006) suggests that the Vi, requires at least a finite
duration to become manifest. This latter finding is in
accordance with the present data suggesting that muscle
fatigue, which takes time to develop, is required to initiate
the Vozsc.

Additionally, we were unable to determine whether
changes in muscle temperature affected the power
production during cycling. It has been reported in the
literature that passive warming or cooling of the legs can
modulate power output (Sargeant, 1987). This effect may
be quite large, as an average of 2.7°C increase (although
this was heterogeneous depending on the muscle depth)
in muscle temperature with passive warming results
in an 11% increase in power output (Sargeant, 1987).
Therefore, our data could reflect an underestimation of
fatigue and a normalisation of muscle power production
with increasing time and intensity, especially during
the VHS8 condition where heat production was at its
greatest. However, this effect has also been observed during
moderate-intensity exercise (Sargeant & Dolan, 1987), yet
velocity-specific peak power was unaffected in the Mod
condition in our experiments. Therefore, although the
Vo, is unaffected by passive heating (Koga et al. 1997),
temperature would probably influence our measurement
of muscle fatigue. The extent to which muscle temperature
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influenced the relationship between muscle fatigue and
Vo,sc 1s unknown.

Conclusions

In this investigation we have shown that skeletal muscle
fatigue is requisite for the development of the Vo, and
is absent during moderate-intensity exercise at 80% LT.
Surprisingly, fatigue occurred early in the exercise trans-
ient, and velocity-specific peak power was maintained
after 3 min exercise, even at very heavy-intensity work
rates, despite the majority of the Vo, evolving during this
time. Consequently, skeletal muscle fatigue was temporally
dissociated from the V.

The “fatigue and recruitment’ hypothesis for the Vo,
suggests that muscle fatigue occurring during supra-LT
exercise demands an increased fibre recruitment in order
for power output to be maintained. This recruitment is
presumed to be of poorly efficient type II fibres which
results in an increased ATP and O, cost of exercise,
manifest as the Vg .. While our initial observation of
muscle fatigue during exercise above LT is, therefore,
consistent with the ‘fatigue’ part of this hypothesis, our
observation of maintained velocity-specific peak power
after 3 min of exercise is inconsistent with the necessity for
progressive fibre recruitment. Rather, these data suggest
that an increased ATP and/or O, cost of power production
in fatigued fibres is responsible for the Vo, during
dynamic exercise in humans.
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