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Abstract

Purpose The aim of this project was to study the impact
of pedal rate on breakpoints in muscle oxygenation
(deoxy[Hb + Mb] and total[Hb + Mb]) and activation
(iEMG and MPF) at high intensities during ramp exercise.
Methods Twelve physically active students performed
incremental ramp exercises at 60 rpm, starting either at
50 or 80 W (i.e., 60rpm50 and 60rpm80), and at 100 rpm,
starting at 50 W (100rpm50). Pulmonary VO,, mus-
cle activation iIEMG and MPF) and oxygenation were
recorded with EMG and NIRS, respectively. IEMG, MPF,
deoxy[Hb + Mb] and total[Hb + Mb] were expressed
as functions of work rate (WR) and pulmonary VO,
(% VOspeqr) and analyzed with double-linear models.
Results The breakpoints (BP) of iEMG, MPF,
total[Hb + Mb] and deoxy[Hb + Mb] in %VO,,,
did not differ among the pedal rate conditions
(P > 0.05), whereas the BPs in WR were signifi-
cantly lower in 100rpm50 compared to 60rpm50
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and 60rpm80 (P < 0.01). Across the pedal rate con-
ditions the BP (in %VO,,.,) of totallHb + Mb]
(82.7 £ 1.5 % VO, was significantly lower (P < 0.01)
compared to the BP in iEMG (84.3 £ 1.7 %VOy,ey)
and MPF (84.2 &+ 1.6 %VO,,,), whereas the BP in
deoxy[Hb + Mb] (87.4 £ 1.4 %VOy,.,) and respira-
tory compensation point (89.9 £ 1.8 %VO,,,) were
significantly higher (P < 0.01) compared to the BP in
total[Hb + Mb], iEMG and MPF. Additionally, the BPs in
iEMG, MPF, total[Hb 4+ Mb] and deoxy[Hb + Mb], and
the RCP were highly correlated (r > 0.90; P < 0.001).
Conclusions The present study showed that muscle acti-
vation and oxygenation at high intensities during incremen-
tal exercise are related to pulmonary VO, rather than exter-
nal WR, with a close interrelationship between that muscle
activation, oxygenation and pulmonary VO,.

Keywords Muscle oxygenation - Muscle activation -
Whole-body VO, - Pedal frequency - Incremental exercise

Abbreviations

100rpm50 100 rpm starting from baseline 50 W

60rpm50 60 rpm starting from baseline 50 W

60rpm80 60 rpm starting from baseline 80 W

Cav)O2 Arterio-venous O, difference

Deoxy[Hb 4+ Mb] Concentration of deoxygenated hemo-
and myoglobin

DO, O, diffusion capacity

iEMG Integrated electromyography

GET Gas exchange threshold

Hct Hematocrit

MPF Mean power frequency

PO, O, pressure

00, Oxygen delivery

RCP Respiratory compensation point
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Slyo, Slope of the VO,/WR relationship
below the GET

S2yo, Slope of the VO,/WR relationship
above the GET

Total[Hb + Mb] Summation of concentration of
deoxy[Hb + Mb] and oxy[Hb + Mb]

VO, Muscle oxygen uptake

Introduction

A thorough insight into the acute physiological responses
to changes in exercise intensity provides valuable infor-
mation into the functional capacity and exercise (in)tol-
erance of healthy subjects and patient populations. The
integration of the physiological systems (i.e., central and
peripheral) determines the relationship between oxygen
supply (QO,) to demand (VO,) and allows the individual
to adjust to changes in metabolic demand. These adjust-
ments can be visualized through the integration of the Fick
equation (VOQ =0 (C(a,v)Og)) (VO, oxygen uptake; QO
blood flow; C, O, arterio-venous O, difference), which
describes convective delivery of oxygen, with Fick’s law
of diffusion (VO2 = DO2 (PmyO2 — Pnitw02)) (DO, O,
diffusion capacity; P,,O, microvascular O, pressure;
PO, mitochondrial O, pressure) which quantifies the
diffusive determinants of VO, (Wagner 1995). The devel-
opment of near-infrared spectroscopy (NIRS) allowed
non-invasive assessment of the relationship between mus-
cle QO, and VO, by measuring the concentration of oxy-
genated (oxy[Hb + Mb]) and deoxygenated hemoglobin
and myoglobin (deoxy[Hb + Mb]), in this way providing
information on the oxygenation status at the muscle level.
Deoxy[Hb 4+ Mb] in particular has received much atten-
tion since it is believed to be a reflection of microvascular
O, extraction (i.e., proportional to C, ,,0,) (Delorey et al.
2003; Grassi et al. 2003; Ferreira et al. 2005). Addition-
ally, total[Hb 4+ Mb] (as the sum of oxy[Hb 4+ Mb] and
deoxy[Hb + Mb]) provides information on the increase
in hematocrit (Hct) of the microcirculation with exercise
(Davis and Barstow 2013). Microvascular Hct is thought to
be the primary determinant of O, diffusion capacity (DO,)
(Poole et al. 2013).

The deoxy[Hb + Mb] pattern has been studied in the
transition between constant work rate bouts and dur-
ing incremental ramp exercise to address the dynamic
00,/VO,,, relationship. Ramp exercise can be especially
insightful with regard to this dynamic relationship since
it incorporates metabolic demands, which range from rest
to peak aerobic power. When the deoxy[Hb + Mb] pro-
file was plotted against % peak work rate (%2WR ¢y, it
was initially believed to be best described by a sigmoid
model in several populations and conditions (Ferreira et al.
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2007; Boone et al. 2009, 2011; DiMenna et al. 2010; Chin
et al. 2011; McNarry et al. 2011), pointing at a non-linear
00,/VO,,, relationship (Murias et al. 2013). Recently how-
ever, Spencer et al. (2011) showed that a double-linear
model was more appropriate to fit the deoxy[Hb + Mb]
response, especially from moderate to maximal work rates.
In this way, a breakpoint in the deoxy[Hb + Mb] response
at high intensities was quantified as the work rate at which
deoxy[Hb + Mb] started to level-off, indicating that rela-
tive microvascular O, extraction had reached an upper
limit during dynamic rhythmic contractions. The under-
lying mechanisms for this breakpoint have not yet been
established. Osawa et al. (2011) and Racinais et al. (2014)
related the breakpoint in deoxy[Hb + Mb] to alterations
in neuromuscular activity obtained from electromyogra-
phy recordings, whereas Belotti et al. (2013) showed that
the attenuation in the deoxy[Hb + Mb] coincided with the
maximal lactate steady state.

Manipulation of pedal rate has been shown to induce
different muscle fiber recruitment patterns (Citterio and
Agostini 1984; Beelen et al. 1993; Sargeant 1994; Pringle
et al. 2003; Bieuzen et al. 2007). Additionally, some studies
suggest that convective O, supply is limited at high pedal
rates (>80 rpm) due to the short relaxation phase, espe-
cially at high intensities (Buchler et al. 1985; Walloe and
Wesche 1988; Hoelting et al. 2001). Despite these possi-
ble differences in neuromuscular activity and convective O,
supply, the pattern of deoxy[Hb + Mb] during ramp exer-
cise and constant work exercise did not differ among pedal
rates (Ferreira et al. 2006; Zorgati et al. 2013), suggesting a
dissociation between muscle oxygenation and activation [in
contrast to Osawa et al. (2011) and Racinais et al. (2014)].
In these studies, however, neither the surface electromyo-
graphy (EMG) and convective O, supply were assessed nor
was an analysis of any breakpoint in the deoxy[Hb + Mb]
response performed.

Additionally, it can be suggested that the breakpoint in
deoxy[Hb + Mb] (and the possible coincident breakpoints
in neuromuscular activation) during incremental ramp exer-
cise demarcates a similar ‘critical intensity’ as the critical
power which has been identified as the point that distin-
guished the heavy from the severe intensity domain in con-
stant work rate transitions, above which there is no longer a
steady state in VO, and blood lactate concentration (Poole
et al. 1988). In this context, Barker et al. (2006) showed
that, while the general metabolic demand (as assessed from
pulmonary VO,) was higher at higher pedal rates for a
given external work rate, the VO, at critical power was not
different across the pedal rates. The unanswered question,
therefore, is if the breakpoint in deoxy[Hb + Mb], indica-
tive of the attainment of a maximum relative O, extraction,
is mechanistically linked with the breakpoint in muscle
activation as functions of metabolic rate or external work
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rate. In this way, studying the physiological responses
(NIRS, EMG and pulmonary gas exchange) to ramp exer-
cise performed at different pedal rates may clarify the
mechanistic determinants of the O, supply to O, utilization
relationship, especially during severe exercise.

The purpose of the present study, therefore, was to pro-
vide insight into the underlying mechanisms of the dynamic
00,/VO,,, relationship to incremental ramp cycle exercise
using different pedal rates to potentially perturb the rela-
tionship between muscle deoxy[Hb + Mb], muscle activa-
tion (EMG) and general metabolic responses (as quantified
by the Respiratory compensation point, RCP, assessed from
pulmonary VO,) during ramp cycle exercise. It was hypoth-
esized that, within each pedal rate condition all response
breakpoints (EMG, NIRS, RCP) would occur at the same
work rate and metabolic rate (VO,), but that across pedal
rate conditions all response breakpoints would be driven
by metabolic rate rather than external work rate (similar to
that observed with critical power during constant work rate
exercise) and would therefore, occur at the same %VOzpeak,
independent of work rate.

Methods
Subjects

Twelve male physically active students (PA students),
mean £ SD age 20.6 + 2.7 years volunteered to take part
in this study. The subjects had a mean body mass and mean
height of 72.9 & 6.3 kg and 1.81 + 0.07 m, respectively,
and were all active in a wide variety of non-competitive
sport activities. The subjects were informed about the
protocol and the aim of the study and signed an informed
consent approved by the ethical committee of the Ghent
University hospital. A medical history questionnaire and
an examination including rest and exercise ECG were per-
formed prior to the start of the study. All subjects were
declared to be in good health and none of them presented
medical contraindications for participation in the study.

Experimental procedure and protocol

The experimental protocol consisted of three incremen-
tal ramp protocols (25 W min~') to exhaustion preceded
by 3 min of baseline cycling on an electromagnetically
braked cycle ergometer (Excalibur Sport, Lode, Gronin-
gen, The Netherlands). One ramp protocol was executed at
a pedal rate of 100 rpm, starting from a baseline of 50 W
(100rpm50) and two ramp protocols were executed at
60 rpm, starting from a baseline of either 50 W (60rpm50)
or 80 W (60rpm80). This latter protocol was conducted so
that the protocol would be initiated from a similar baseline

VO, as for the 100rpm50 protocol (determined experimen-
tally prior to the start of this study). We chose to use these
elevated baseline work rates of 50 or 80 W to avoid pos-
sible changes in mechanical efficiency at very low work
rates (Boone et al. 2008). The three ramp exercise tests
were performed in random order and were terminated
when the subjects could no longer maintain the instructed
pedal rate (i.e., <55 rpm in 60rpm50 and 60rpm80 and
<95 rpm in 100rpm50), despite strong verbal encourage-
ment. Ten minutes prior to the start of each ramp exercise
the subjects performed three repetitions of maximal volun-
tary contractions (MVC) while seated upright on a bench
with their legs hanging above the floor. The subjects were
asked to maximally extend their right leg (with the EMG
electrodes) against an immovable bar at a knee angle of
100° to obtain a maximal isometric contraction and associ-
ated EMG response. The MVC trials were held for at least
5 s and subjects were allowed to rest for at least 2 min in
between trials. The entire experimental procedure was
conducted within a period of 3 weeks to avoid effects of
changes in physical fitness with at least 72 h in between
two tests. The subjects were asked to abstain from stren-
uous exercise and training for at least 24 h prior to their
visit to the laboratory.

Measurements

During the exercise tests, VO, was measured continuously
on a breath-by-breath basis by means of a computerized
0,—CO, analyzer—flowmeter combination (Jaeger Oxycon
Pro, Germany). Prior to the start of each test, the gas ana-
lyzers (an O, analyzer with functioning based on the dif-
ferential-paramagnetic principle and an infrared CO, ana-
lyzer) and volume transducer (‘triple V) were calibrated as
per manufacturer’s recommendations.

Myoelectric activity was detected by means of surface
electromyography (surface EMG) and recorded with bipo-
lar 34 mm diameter Ag—AgCl electrodes (Blue Sensor) at
a sampling frequency of 1,000 Hz. The electrodes were
placed longitudinally on the distal part of the M. Vastus
Lateralis of the right leg. Each electrode site was prepared
by shaving, abrading and swabbing the site with diluted
ethanol. The reference electrode was placed over the spiny
process of prominent cervical vertebrac. The EMG signal
was checked for movement artifacts and the wires con-
nected to the electrodes were taped on the thigh of the sub-
jects. To make sure that the electrodes would be placed at
the same location of the muscle on the subsequent visits to
the laboratory, the electrode sites were pen-marked. Myoe-
lectric signals were relayed from the bipolar electrodes to
a Telemyo device (Noraxon Inc., Scottsdale, USA). The
iEMG signal of the MVC was averaged for each trial and
the highest averaged iEMG was used as the value for MVC.
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Muscle  oxygenation (oxy[Hb + Mb] and
deoxy[Hb + Mb]) was measured by means of a frequency-
domain multidistance near-infrared spectroscopy system
(Oxiplex TS, ISS, Champaign, Illinois, USA). The NIRS
probe consisted of eight light-emitting diodes, operating at
wavelengths of 690 and 830 nm and one detector fiber bun-
dle (source—detector distances = 2.0-3.5 cm). The probe
was positioned longitudinally on the distal section of the
left M. Vastus Lateralis at the same level as the EMG elec-
trodes, and secured with Velcro® straps around the thigh.
Prior to the placement of the NIRS probe, the NIRS system
was calibrated using manufacturer’s recommended proce-
dures, and the skin was carefully shaved. Pen marks were
made on the skin to indicate the margins of the probe to
check for any downward sliding during the cycling exer-
cise and for accurate repositioning of the probe on the
subsequent visit to the laboratory. The NIRS signals were
recorded at a frequency of 25 Hz and afterwards digitally
averaged into 1-s values.

Data analysis
General metabolic responses

The second-by-second VCO, values were expressed as
a function of VO,. The gas exchange threshold (GET) of
each ramp exercise test was determined by means of the
V-slope method, i.e., the point at which VCO, increases
disproportionate to VO, (Beaver et al. 1986). The res-
piratory compensation point (RCP) was determined as the
second disproportionate increase in ventilation (Vg) rela-
tive to work rate. The baseline VO, was calculated as the
mean VO, of the final 90 s of the baseline cycling at 50 W
(60rpm50 and 100rpm50) or 80 W (60rpm80). The VO, .,
was determined as the highest 30 s average obtained during
the exercise test. The second-by-second VOz values were
expressed as a function of work rate (WR) and the slope
of the VO,/WR relationship (AVO,/AWR) below (S1yo,
) and above (S2y0,) the GET was calculated by means of
linear regression analysis. The first and last minutes of the
ramp exercise were not taken into account to ensure that
the non-linear increases in VO, (at the onset of the test and
the possible leveling-off at VO,,.,) would not influence
the calculation of S1yo, and S2yq,. Additionally, VO, was
expressed as a function of %WR ., in 5 % WR increments
by calculating the 30 s mean VO, around the WR corre-
sponding to the 5 % increment, to allow intra-individual
comparison among the three protocols.

Muscle activation

The raw EMG signals were rectified, band-pass filtered
(1,000 Hz) and integrated using commercially available
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software (MyoResearch2.10, Noraxon Inc., Scottsdale,
USA). The iEMG values of each ramp exercise test were
averaged over 1-s intervals and normalized to the maxi-
mum iEMG obtained during the MVC trials. The change in
Mean Power Frequency (MPF) during the ramp exercises
was expressed relative to the MPF during baseline cycling
which was set at 100 %. Subsequently, VO, data, expressed
relative t0 VOypeu (%VOypeq) Were left-shifted by 20 s to
account for the circulatory transit delay between muscle
and lung to align changes in ‘muscle VO,’ with changes in
iEMG and MPF (Boone et al. 2009; Spencer et al. 2011).
Normalized iEMG, MPF and VO, (%VO,,,) were reduced
into 100 equal bins (Boone et al. 2009; Spencer et al. 2011)
and iEMG and MPF were expressed as a function of abso-
lute (W), relative (%WR ;) WR and VO, (%VO,e,i)- The
pattern of iEMG and MPF was analyzed by means of a
double-linear model (Osawa et al. 2011) (SigmaPlot 11.0,
Systat Software, CA, USA), yielding two linear regressions
with the lowest error sum of squares:

y =m; X x + b for the first linear function

ey

y = myp X x 4 by for the second linear function

where m represents the slope and b is the y-intercept value.

From this double-linear model, the breakpoint (BP) in
linearity of iEMG and MPF as functions of WR and VO,
could be determined. Additionally, iEMG and MPF were
expressed as functions of %WR., in 5 % increments
to allow intra-individual comparison between the three
protocols.

Muscle (de)oxygenation

The absolute deoxy[Hb + Mb] and total[Hb + Mb] (i.e.,
the sum of deoxy[Hb + Mb] and oxy[Hb + Mb]) were cal-
culated for baseline cycling at 50 or 80 W (i.e., final 90 s
average, f,) and at the end of the ramp exercise (highest
15 s average). The amplitude (A) of the deoxy[Hb + Mb]
and total[Hb + Mb] responses were calculated as the dif-
ference between the highest and baseline deoxy[Hb + Mb]
or total[Hb + Mb] response. Since it was observed
that baseline and peak total[Hb + Mb] was higher in
100rpm50 compared to 60rpm50 and 60rpm80, absolute
total[Hb 4+ Mb] values were used for further analysis (see
below).

Subsequently, VO, data, expressed relative to VO,peq¢
(%VO,peq), Were left-shifted by 20 s to account for the
circulatory transit delay between muscle and lung to align
changes in ‘muscle VO,’ with changes in deoxy[Hb 4 Mb]
and total[Hb 4+ Mb] (Boone et al. 2009; Spencer et al.
2011). In this regard, it should be noted that the circula-
tory transit delay will decrease as cardiac output and blood
flow increase with exercise intensity. The deoxy[Hb + Mb]
responses were normalized to the total amplitude of the
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Fig. 1 Mean VO, response as a function of work rate (W) (left panel) and %WR e in 5 % increments (right panel) for 100rpm50, 60rpm50
and 60rpm80. Asterisk indicates significant (P < 0.05) differences from 60rpm50 and 60rpm80

response with 0 % corresponding to baseline cycling (i.e.,
final 90 s) and 100 % the highest continuous 15 s average
values at the end of the ramp exercise.

These normalized VO,, deoxy[Hb 4+ Mb] and absolute
total[Hb + Mb] responses for each individual were reduced
into 100 equal bins (Boone et al. 2009; Spencer et al. 2011).
The deoxy[Hb + Mb] and total[Hb 4+ Mb] values were
expressed as functions of absolute work rate (WR), relative
work rate (%WR ) and VO, (%VO,,.,) and analyzed
by means of a double-linear model (see above) similar to
that previously described by Spencer et al. (2011). In short,
the data set used in the analysis included the data between
the point where deoxy[Hb + Mb] and total[Hb + Mb]
began a systematic increase above baseline values (based
on visual inspection) and the end of the exercise test and
the double-linear model was determined by the lowest
error sum of squares. This double-linear model yields a
linear function for the middle portion of deoxy[Hb + Mb]
and total[Hb + Mb] and a linear function for the plateau
in deoxy[Hb + Mb] and total[Hb + Mb], with the break-
point reflecting the intersection of these two linear func-
tions. Additionally, the normalized deoxy[Hb + Mb] (%)
and absolute total[Hb + Mb] (uM) were expressed as func-
tions of %WR ., in 5 % increments to allow comparison
between the three protocols.

Statistical analysis

The descriptive statistics were calculated as mean val-
ues £ SD. Repeated measures ANOVA (SPSS 19.0) was
used to compare the parameters that quantify the pulmo-
nary VOZ response (baseline VOz, V02 peak, GET, RCP,
Slvo, S2vo,), muscle activation [m, b and BP of the
iEMG and MPF response as functions of WR and VO,
(%VO,peq)] and muscle deoxygenation [baseline and
amplitude of total[Hb + Mb] and deoxy[Hb + Mb]; m, b

and BP of total[Hb + Mb] and deoxy[Hb + Mb] response
as functions of WR and VO, (%VOy,)] between the
three protocols (100rpm50, 60rpm50 and 60rpm80). Fur-
thermore, Pearson product-moment correlation was cal-
culated to quantify the relationships between the WR
and VO, (%VOypey) at RCP and the BPs of the iEMG,
MPEF, total[Hb + Mb] and deoxy[Hb + Mb] response.
Additionally, VO,, iEMG, MPF, deoxy[Hb + Mb] and
total[Hb + Mb] values expressed in 5 % WR increments
were compared between the three protocols by means of
repeated measures ANOVA. In case of significant differ-
ences obtained from the repeated measures ANOVA post
hoc Tukey tests were performed. The significance level was
set at P < 0.05.

Results

The WRpeak was 385 £+ 31 W, 377 £ 29 W and
375 £ 29 W for 100rpm50, 60rpm50 and 60rpm80, respec-
tively, and did not differ significantly among the ramp pro-
tocols (P = 0.28).

General metabolic responses

In Fig. 1, the mean VO, responses to 100rpm50, 60rpm50
and 60rpm80 are presented. In Table 1, baseline VO,, GET,
RCP, VO,peq- Slvo, and S2yo, are presented for the three
ramp exercise tests.

Baseline VO, was significantly higher in 100rpm50 and
60rpm80 compared to 60rpm50 (P < 0.001) but did not
differ significantly between 100rpm50 and 60rpm80, as
intended (P = 0.862). VO, did not differ significantly
among the protocols (P = 0.749), whereas the work rate at
GET and RCP was significantly lower in 100rpm50 com-
pared to 60rpm50 (P = 0.021 and 0.013) and 60rpm80
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Table 1 Baseline VO,, gas exchange threshold (GET), respiratory
compensation point (RCP), VO, and slope of the VO,/WR rela-
tionship below (S1yo,) and above the GET (S2y0,) for the three ramp
protocols (100rpm50, 60rpm50 and 60rpm80)

100rpm50 60rpm50 60rpm80

Baseline VO, (ml min~!) 1133 4 132%* 905 £ 119 1089 £ 147*
GET (W) 190 £21%% 211+ 19 213 £27
GET (ml min~") 2433 £301  24214£292 2418 4335
RCP (W) 311428+ 332424 326 £ 25
RCP (ml min~") 3708 £313 3791 +£255 3736 £ 269
RCP (%VO 1) 893+ 1.5 90.14+ 1.1 90.0 4 1.1
VOypeq (ml min™") 4153 +£328  4210+£303 4157+ 311
VOype (mlmin~'kg™') 555 +4.9 563+ 4.3 55.6 + 4.6
Slyo, mlmin~' W= 9.61 £0.38*% 10.59 £0.62 10.86 + 0.52
S2yo, (mlmin' W™ 10.33 £0.48" 10.56+£0.53 10.89 £ 0.59

* Significantly (P < 0.05) different from 60rpm50, * significantly
(P < 0.05) different from 60rpm80, f significantly (P < 0.05) different
from corresponding S1vo,

(P = 0.014 and 0.019). The VO, at the GET and RCP
did not differ significantly among the protocols, both in
absolute (P = 0.371 and 0.133, respectively) and relative
(%VOzpeak) values (P = 0.461 and 0.219, respectively).
There was a significant interaction effect (P = 0.021) for
the slope of the VO,/WR relationship (S1yo, and S2yo,

iEMG/WR

o ﬂ
€ 0 o5
=
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g 20 A
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10 - M * 60rpPmM80
0 . . . . . . . .
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0
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). The post hoc analysis showed that S1yo, was signifi-
cantly lower in 100rpm50 compared to 60rpm50 (P < 0.01)
and 60rpm80 (P < 0.001), whereas above the GET, no
difference was observed in S2yo, among the protocols
(P = 0.259). S2yo, was significantly higher than Slyo,
for the 100rpm50 protocol only (P < 0.001). Furthermore,
VO, was significantly higher in 100rpm50 compared to
60rpm50 and 60rpm80 from 15 to 70 % WR ., (Fig. 1).

Muscle activation

The mean iEMG value elicited for MVC was 73 + 14,
75 £ 12 and 72 =+ 12 mV for 100rpm50, 60rpm50 and
60rpm80, respectively (P = 0.859). The mean-normal-
ized iIEMG and MPF responses for 100rpm50, 60rpm50
and 60rpm80 as functions of absolute (W) and rela-
tive (%WR.5) WR (in 5 % WR increments) are shown
in Fig. 2. In Table 2, the parameters of the double-linear
model fit to the iEMG and MPF responses as functions of
WR and VO, (%VO,,,,) are presented.

For the iEMG and MPF as functions of WR and
PoWR ¢, the breakpoints (BP) were significantly lower in
100rpm50 compared to 60rpmS0 (P < 0.01 for both iEMG
and MPF) and 60rpm80 (P = 0.013 and P < 0.01 for iEMG
and MPF, respectively). However, for the iEMG and MPF
as a function of VO,, the BP did not differ significantly

iEMG/WR
50 .
.
8
40 1 °
*
—_— x ° .
(&) x o e
E 30 - . F o e
o e
® x X o e
s . F o o * © 100rpm5S0
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Fig. 2 Normalized iEMG and MPF response as a function of work rate (W) (left panels) and %WRpeak in 5 % increments (right panels) for
100rpm50, 60rpm50 and 60rpm80. Asterisk indicates significant (P < 0.05) differences from 60rpm50 and 60rpm80
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Table 2 Parameters of the double-linear model fit to the IEMG/WR(W and %WR,,) and MFP/WR(W and %WR ) relationship for the three protocols

IVO, (%VOse)

1 TWR oy

/WR

60rpm50 60rpm80

100rpm50

60rpm80

60rpm50

100rpm50

60rpm80

60rpm50

100rpm50

iEMG

0.38 £ 0.05
—1.6 £2.7
849+ 1.0
0.99 £0.17

0.42 £0.07
—3.8+3.1
848 +1.2

0.87 £0.17
—41.1 £15.8 —53.5+14.6

0.37 £ 0.06
—04+26

0404 0.03  m, (% %V 0y

0.1 £4.1
826+ 1.2

0.43 £ 0.04
—1.6+44
83.6+ 1.6
0.76 £0.12
—274+75

my (% %WR 1) 0.38 & 0.04°

0.11 £0.01
0.1 £4.1
310 £ 24
0.23 £0.03
—357+124

0.11 £0.02
—1.6 4.4
315+23

0.20 £ 0.03
—274+75

0.10 £ 0.01*

m; (% W

by (%)
BP (W)

by (%)

32+48

by (%)

32+48
292 + 25%%

829+1.3

BP (%VO,e)

75.7 + 1.2%%

my (% %WR ) 074 % 0.09

BP (%WR )

1.02 £0.13
—55.0£ 165

0.86 £ 0.15  m, (% %V Oppepp1)

—357+124 b, (%)

0.19 + 0.02*
—23.6+6.8

m, (% W

b, (%)

—23.6+9.38

b, (%)

MPF

—0.05+0.03 —0.11 +£0.03

—0.08 £ 0.03

~0.10 003 m, (% %V Oy

m; (% %WR oy~ —0.08 £0.02 —0.06 4 0.02

—0.02 £ 0.01 —0.02 £ 0.01 —0.03 £ 0.01

m; (% W)

by (%)
BP (W)

104 £3
84.6 £ 1.2

102+3

103+3
829+ 13
—0.70 £0.12%

b, (%)

102+£3 102+2 103+3

by (%)

103+3
309 + 24
—0.18 £ 0.04

102 £2

102 +£3
289 + 249
—0.13 £0.03*

849+ 1.5
—0.74 £0.11 —0.63 £0.13

82321  BP(%VOyu)
—0.58 £0.09 m, (% %V Oy

834+13

75.1 & 1.2%%

my (% %WR ) —0.51 % 0.08* —0.72 4 0.09

BP (%WR )

315+24
—0.16 £ 0.04

m, (% W1
b, (%)

160 £+ 17 150 £ 15

156 + 14

b, (%)

147 £ 19 149 £ 21 b, (%) 133+ 16 153 £ 24 149 £ 21

133+ 16

m represents the slope and b the y-intercept of the linear function, where BP represents the breakpoint of both linear functions

* Significantly (P < 0.05) different from 60rpm50, ® significantly (P < 0.05) different from 60rpm80

among the protocols (P = 0.098 and P = 0.121 for iEMG
and MPF, respectively). The BP in the iEMG/WR and
MPF/WR relationships was significantly correlated around
the identity line in the three protocols (r = 0.99; P < 0.001
in 100rpm50, 60rpm50 and 60rpm80, respectively).

Muscle oxygenation

The absolute deoxy[Hb + Mb] and total[Hb + Mb] are
presented in Table 3. Baseline deoxy[Hb 4+ Mb] was sig-
nificantly higher in 100rpm50 compared to 60rpm50
(P = 0.024) but not compared to 60rpm80 (P = 0.114).
At WR,, deoxy[Hb + Mb] was significantly higher in
100rpm50 compared to 60rpm50 and 60rpm80 (P = 0.042
and P = 0.038, respectively). Baseline total[Hb 4+ Mb] was
significantly higher in 100rpm50 compared to 60rpm50
and 60rpm80 (P = 0.018 and P = 0.034). At WR;
total[Hb + Mb] for 100rpm50 was higher compared
to 60rpm50 (P = 0.046) but not compared to 60rpm80
(P =0.093).

The mean deoxy[Hb + Mb] and total[Hb + Mb]
responses as functions of WR, VO, (%VO,pq)
and %WR, (in 5 % WR increments) are presented in
Fig. 3. The parameters of the ‘double linear’ fit to the nor-
malized deoxy[Hb + Mb] and total[Hb + Mb] responses
as functions of absolute and relative (%WR ., ) WR, and
VO, (%VOypeq) to 100rpm50, 60rpm50 and 60rpm80 are
presented in Table 4. For the deoxy[Hb + Mb] as functions
of WR and %WR ., the breakpoint (BP) was significantly
lower in 100rpm50 compared to 60rpm50 (P < 0.001)
and 60rpm80 (P < 0.01). For the deoxy[Hb + Mb] as a
function of %VO,., the BP did not differ significantly
among the three protocols (P = 0.142). Statistical analy-
sis of deoxy[Hb + Mb] over 5 %WR increments revealed
that deoxy[Hb 4+ Mb] was significantly (P < 0.05) higher
in 100rpm50 compared to 60rpm50 and 60rpm80 for 15—
80 % WR ey

For the totall[Hb + Mb] as functions of WR
and %WR,,, the BP was significantly lower in 100rpm50
compared to 60rpm50 (P < 0.001) and 60rpm80 (P < 0.01).
For the total[Hb 4+ Mb] as a function of %VO,, the BP
did not differ significantly among the three protocols
(P = 0.201). Statistical analysis of total[Hb + Mb] over
5 %WR increments revealed that total[Hb + Mb] was
significantly (P < 0.05) higher in 100rpm50 compared to
60rpm50 and 60rpm80 for 15-100 % WR ..

Pulmonary VO, vs. muscle oxygenation vs. muscle
activation

Statistical analysis revealed that the BP in total[Hb + Mb]

(expressed as W, OWR ., and %VO,,.,;) was significantly
lower (9 & 5 W) compared to the BP in iEMG (P < 0.01).
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Table3 Mean =+ SD for absolute deoxy[Hb + Mb] and
total[Hb + Mb] at baseline cycling and WR,. The ampli-

tude represents the absolute change from baseline to WR . in
deoxy[Hb + Mb] and total[Hb + Mb]
100rpm50 60rpm50 60rpm80
Deoxy[Hb + Mb]
Baseline (uM) 23.6 + 9.4%* 21.3+8.38 224492
WReax (MM) 413+ 155%% 3834164 39.1 £16.6
Amplitude (uUM)  17.7 £ 5.4 17.0 £ 6.1 16.7£6.2
Total[Hb 4 Mb]
Baseline (uM) 723 +£17.9%%  69.1 +16.9 699 £155
WR ook (MM) 87.9 £19.1% 83.3+£19.2 849 £ 178
Amplitude (uM)  15.6 4.8 142+£62 15054

* Significantly (P < 0.05) different from 60rpm50, ¥ significantly
(P < 0.05) different from 60rpm80

Also, the BP in iEMG was significantly lower (10 &= 4 W)
compared to the BP in deoxy[Hb 4+ Mb] (P < 0.001).
Finally, the BP in deoxy[Hb + Mb] was significantly lower
(8 &= 5 W) compared to the RCP (P < 0.001). In Fig. 4, the
relationships between the breakpoints (in absolute WR,
left panels; in %VOzpeak, right panels) in total[Hb + Mb],
iEMG and deoxy[Hb + Mb], as well as the relationship
with RCP are shown.

The BP in deoxy[Hb + Mb] (as a function of abso-
lute WR) was significantly correlated to the BP in
total[Hb + Mb] (r = 0.97, r = 0.90, r = 0.93 for
100rpm50, 60rpm50 and 60rpm80, respectively; P < 0.001)
and iIEMG (r = 0.98, r = 0.99, r = 0.98 for 100rpm50,
60rpm50 and 60rpm80, respectively; P < 0.001) and
the RCP (r = 0.99, r = 0.99, r = 0.99 for 100rpm50,
60rpm50 and 60rpm80, respectively; P < 0.001). Although
the BPs in VO, (%VOy), in total[Hb + Mb], iEMG
and deoxy[Hb + Mb] did not differ among the proto-
cols (see above), the BP in deoxy[Hb + Mb] (expressed
as %VOype) Was significantly correlated to the BP in
total[Hb + Mb] (r = 0.63, P = 0.014; r = 0.58, P = 0.027,
r = 0.82, P < 0.01 for 100rpm50, 60rpm50 and 60rpm80,
respectively) and iEMG (r = 0.68, P = 0.011; r = 0.62,
P =0.022; r =0.64, P = 0.18 for 100rpm50, 60rpm50 and
60rpm80, respectively), and the RCP (r = 0.78, P < 0.01;
r=0.73, P = 0.016; r = 0.62, P = 0.26 for 100rpm50,
60rpm50 and 60rpm80, respectively).

Discussion

The present study examined the impact of pedal rate on
the muscle oxygenation and neuromuscular responses
to ramp exercise to provide insight into the leveling-off
in deoxy[Hb + Mb] at near-maximal intensity during
ramp exercise. The main findings were first, that across
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the pedal rate conditions the BP in deoxy[Hb + Mb],
total[Hb + Mb], iEMG and MPF occurred at a similar
90VOypeqx> independent of WR. Second, it was observed
within each pedal rate condition that the breakpoint in the
deoxy[Hb + Mb] pattern (as %VO,,.,) was preceded by,
but strongly related to the breakpoints in iEMG and MPF,
which were in turn preceded by the breakpoint in the
total[Hb + Mb] response.

Impact of pedal rate

In the present study, it was observed that the break-
points in muscle oxygenation (deoxy[Hb + Mb] and
total[Hb + Mb]) and muscle activation GEMG and MPF)
occurred at a similar metabolic rate, independent of exter-
nal work rate, across the pedal rate conditions. The obser-
vation that a higher pedal rate induces a greater meta-
bolic rate (as assessed from a higher pulmonary VO,) for
a given external work rate, especially at low to moderate
intensities, is similar to earlier studies (Jones et al. 2004,
Barker et al. 2006). Even though the lower slope of the
VO,/W relationship at 100 rpm indicates that the impact
of pedal rate decreases at higher intensities, the lower WR
with a similar VO, at the breakpoints in deoxy[Hb 4 Mb],
total[Hb + Mb], iEMG and MPF, and RCP indicates that
the whole-body VO, is still affected by the pedal rate condi-
tion at high, but submaximal work rates during ramp exer-
cise, despite no difference in WR ., and VO, (Barker
et al. 2006).

The higher general metabolic demand at 100 rpm com-
pared to 60 rpm can likely be attributed to an increased
amount of internal work, more pronounced ancillary mus-
cle activation for stabilization and/or to an altered mus-
cle fiber activation at higher pedal rates. It has been sug-
gested that a less-efficient energy transfer from the legs to
the cranks at higher pedal rates (Kautz and Neptune 2002)
alone or in combination with an insufficient adaptation in
the muscle activation and deactivation dynamics (Neptune
and Kautz 2001), especially at very low intensities, can
affect internal work, even though a baseline work rate of
50 W was used to minimize the effect of changes in inter-
nal work (Boone et al. 2008). It is possible that the O, cost
for additional internal work, especially in subjects not used
to cycling-specific exercise, at high pedal rates gradually
decreases as work rate increases and this might explain the
lower S1lyo, at 100 rpm compared to 60 rpm. Jones et al.
(2004) also suggest that a higher pedal rate could induce an
increased proportional contribution of type II fibers early
in the ramp exercise to meet the external work rate (Beelen
et al. 1993; Sargeant 1994), whereas at lower pedal rates
fast-twitch fibers are recruited more progressively as work
rate increases. Since metabolic efficiency is lower in fast-
twitch compared to slow-twitch muscle fibers (Crow and

pea
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Fig. 3 Mean normalized deoxy[Hb + Mb] (left panels) and absolute
total[Hb + Mb] (right panels) response as a function of work rate
(W), VO, (%VO,) and %WRpeak in 5 % increments for 100rpm50,

Kushmerick 1982), this possible disturbance in the muscle
fiber recruitment pattern at high pedal rate might contribute
to the lower S1yo, at 100 rpm. It is traditionally presumed,
however, that exercise below the GET requires such low
forces that few fast-twitch fibers are recruited.

Muscle fiber characteristics in combination with the
sequential recruitment of muscle fibers types (i.e., progres-
sively increasing recruitment of fast-twitch fibers: the size
principle) have been suggested to underpin the sigmoid
deoxy[Hb + Mb] response to incremental ramp exercise
(Boone et al. 2008; Chin et al. 2011; Murias et al. 2013).
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60rpm50 and 60rpm80. Asterisk indicates significant (P < 0.05) dif-
ferences from 60rpm50 and 60rpm80

In this context, it was shown that the balance between
muscle O, delivery and consumption differs at rest and
during exercise (McDonough et al. 2005) and that dif-
ferent patterns of C, O, emerge (Ferreira et al. 2006)
in rat slow-twitch and fast-twitch muscles. These results
indicate that fast-twitch muscles have lower resting and
submaximal exercise Q,, values (y-intercept closer to
zero) and rely to a greater extent on fractional O, extrac-
tion and thus a more pronounced muscle O, diffusion to
adjust to changes in metabolic demand. Hence, if cycling
at a high pedal rate (i.e., 100 rpm) disturbs the sequential
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Table 4 Parameters for normalized deoxy[Hb + Mb] and absolute total[Hb 4+ Mb] set out as a function of absolute and relative WR, and VO, (%VOzpcak), fit with a double-linear model, for the

three protocols (100rpm50, 60rpm50 and 60rpm80)

(5

%VO,peak

/ %WRpeak

/WR

Springer

60rpm50 60rpm80

100rpm50

60rpm80

60rpm50

100rpm50

60rpm50 60rpm80

100rpm50

1.72 £ 0.16
—589+9.8

1.72 £0.14

1.66 £ 0.16
—50.8 £ 10.1 —60.3 £ 12.4

174 £0.17 m, (% %VO,)

—505+£93 b, (%)

1.76 £ 0.21

1.79 £ 0.19
—41.5+74%% 5574104

046 +0.09  m; (% %WR o)

0.47 £0.10
—50.54+9.3

—557+104

0.46 % 0.09
—41.5 £+ 7.4%%

m; (% W)
b (%)

by (%)

Deoxy[Hb 4+ Mb]

88.1+1.2

882+ 14
0.64 £0.18
350+ 14.8

86.9 + 1.3
0.29 £ 0.17%%

852+19 BP(%V0O,)
0.29 £+ 0.08 m, (% %VO,)

744+ 128 b, (%)

88.0+2.2

78.2 + 2.4%%
0.06 £ 0.12
94.5+99

BP (%WR 1)

319 + 25
0.08+£004 my (% %WR 1)

325+ 24
744+ 128 by (%)

0.05 £ 0.03
80.6 +11.3

301 +28 %
0.02 +0.03
945499

BP (W)

0.67 £0.24
34.1+£13.6

0.20 £0.10
80.6+11.3

m, (% W

b, (%)
Total[Hb + Mb]

68.9 + 15.3%%

0.31 £ 0.06
59.1 £10.5
83.1+14

0.25 £0.07
60.9 £9.6
832+1.2

0.29 £ 0.06
62.8 £10.2
822+ 14

—0.06 + 0.01 m, (UM %Vozpeak“) —0.03 £0.02 —0.02+£0.02 —-0.01 £0.03

0.32 £ 0.07 m; (uM %Vozpeak“)

602+ 123 b, (uM)

0.29 £ 0.08

59.9 £ 15.1

80.8 £3.0
—0.05 £ 0.02

0.32 +0.07
63.6 & 13.4%%

0.07640.032  0.086 %0026 m, ({M BWR .y 1)

59.9 £ 15.1
305 £ 25
—0.01 £ 0.01

0.084 £ 0.023

m; (WM W)

by (UM)
BP (W)

6024123 b, (uM)

63.6 & 13.4%%

798+ 14 BP (%VO,)

745 + 1.8%%
—0.07 £ 0.02

BP (%WR )

300 £ 24
—0.02 +£0.001 m, (UM %WRpeak“)

90.8 £ 13.1

287 + 29 #$
—0.02 £ 0.01

m, (UM W

b, (UM)

82.7+10.7 86.5+92

90.5 £ 8.7

90.8 + 13.1 b, (uM)

87.2+14.7

935+ 133

b, (M)

87.2 +14.7

935+ 133

m represents the slope of the linear function whereas b represent the y-intercept and BP the breakpoint in the linearity

* Significantly (P < 0.05) different from 60rpm50, ® significantly (P < 0.05) different from 60rpm80

recruitment of muscle fibers, with a more pronounced con-
tribution of fast-twitch fibers earlier into the incremental
exercise (Beelen et al. 1993; Sargeant 1994), this might
impact the deoxy[Hb + Mb] and total[Hb + Mb] response
to ramp exercise. More specifically, as seen in the pre-
sent study, deoxy[Hb + Mb] and total[Hb + Mb] would
be shifted to the left at higher pedal rates following the
fiber type-specific responses in convective O, supply and
O, utilization. It should be noted that this is the first time
that total[Hb + Mb] was fit by a double-linear model yield-
ing a breakpoint in the linearity at a similar (but slightly
lower; see below) work rate compared to the breakpoint in
deoxy[Hb + Mb].

Muscle oxygenation and activation during ramp exercise

As discussed above, VO, can be described by the inter-
action of the Fick equations for convective and diffu-
sive determinants of the delivery of O, to the myocyte
mitochondria (Wagner 1995; Poole et al. 2013). Accord-
ing to Fick’s Law of Diffusion, muscle oxygen uptake is
determined by both the O, diffusion capacity (DO,) and
O, pressure gradient between capillaries and myocyte
(POyeyp = POspio)s Where VO, = DO, X (POyy, — PO,y
ito)- The O, diffusion capacity depends on the surface area
for diffusion and is predominantly related to red blood cell
(RBC) flux and velocity through the capillaries and thus
to microvascular hematocrit (Hct) (for review see Poole
et al. 2013). At rest, most capillaries support RBC flux but
microvascular Hct is less than that of systemic circulation
(Klitzman and Duling 1979; Kindig and Poole 1998; Kin-
dig et al. 2002; Russell et al. 2003). Recently, Davis and
Barstow (2013) suggested that changes in total[Hb + Mb],
measured with NIRS during exercise, reflect an increase in
microvascular [Hb] and thus Hct, since muscle [Mb] pre-
sumably remains unchanged throughout exercise. There-
fore, the increase in total[Hb 4+ Mb] observed in the pre-
sent study during the ramp protocols at different pedal rates
points at an increase in microvascular Hct. According to
the calculations of Davis and Barstow (2013), the current
increase in total[Hb + Mb] of 19.9 % (6.1-35.3 %) would
reflect a 50 % increase in [Hb] and an increase in capillary
Het from 22 to 33 %. At ~83 %VO,q total[Hb + Mb]
started to level-off, indicating that microvascular Hct, and
thus DO, reached a ceiling. In addition, intramuscular pres-
sure at higher intensity contractions (near-end exercise)
probably limits a further increase in blood flow through the
capillaries (Kagaya and Ogita 1992).

Following the leveling-off in total[Hb + Mb] and thus
DO,, the only mechanism by which VO, can increase is
by increasing the O, pressure gradient (or microvascular
O, extraction), which is reflected by the deoxy[Hb + Mb]
response. However, deoxy[Hb + Mb] also reaches a
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ceiling at ~88 %VO,, in the ramp exercises at 60 rpm
[i.e., at a slightly higher work rate (20 £ 6 W) compared
to total[Hb + Mb]]. This indicates that relative microvas-
cular O, extraction also has an upper limit during dynamic
rhythmic contractions. Since both DO, (as total[Hb + Mb])
and relative O, extraction (as deoxy[Hb + Mb]) level-off at
83-90 %VO,peq- it seems likely that a further increase in
pulmonary (i.e., whole-body) VO, may reflect an increased
aerobic energy turnover in other leg muscles or muscle
groups not observed by the NIRS.

From the present study, it appears that the muscle oxy-
genation responses are closely related to the neuromus-
cular activation pattern. The EMG threshold is highly

correlated with the leveling-off in total[Hb 4+ Mb] and
deoxy[Hb + Mb], occurring at a work rate between the
breakpoints of total[Hb + Mb] and deoxy[Hb + Mb] (B
Ptotal[Hb 4+ Mb] < BPIEMG < BPdeoxy[Hb 4+ Mb] < RC
P). The BP in iEMG reflects a change in intramuscular
action potentials due to the recruitment of new motor units,
predominantly consisting of fast-twitch muscle fibers, and
to increased rate coding of already recruited motor units, to
compensate for the loss in contractility of fatiguing motor
units, which can be assessed from the sudden drop in MPF
(Takaishi et al. 1992). Osawa et al. (2011) and Racinais
et al. (2014) observed a similar correlation between the
EMG threshold and the BP in deoxy[Hb + Mb], although
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in that study the BP in deoxy[Hb + Mb] preceded the EMG
threshold, which is in contrast to the present study. It is
possible that a plateau in DO, might be indicative of mus-
cle O, insufficiency as work rate continues to increase. The
subsequent increase in anaerobic energy production might
affect group III and IV afferents and central motor output,
altering the recruitment and firing rate of motor units and
intracellular action potentials (Light et al. 2008; Arabad-
hziev et al. 2010). This will induce a non-linear burst of
iEMG as force and power output continue to increase.
Additionally, it appears from the coincident decrease in
MPF that the newly recruited fibers quickly fatigue.

The precipitating event-plateauing of DO, (as
tota[Hb + Mb]) and relative O, extraction (as
deoxy[Hb + Mb]) versus recruitment of easily fatigu-
able fibers (as assessed from iEMG and MPF) is cur-
rently unclear. However, the cascade of events occurring in
response to ramp exercise described above clearly suggests
a close relationship between the mechanisms underpin-
ning the muscle oxygen uptake and neuromuscular activ-
ity pattern (in combination with the specific characteristics
of the muscle fiber types). The work rate domain between
80-90 % WR . (83-91 % VO,,,) provides a crucial
intensity that might be determinant for the exercise toler-
ance, especially since the RCP was closely related to, but
slightly higher than, the breakpoint in deoxy[Hb + Mb],
similar to the study of Oussaidene et al. (2013). When
accounting for the circulatory lag time (~6 s at near-max-
imal exercise) between muscle and lung, the RCP would
closely approximate the BP in deoxy[Hb + Mb]. The
observation that the breakpoints in iEMG, total[Hb + Mb]
and deoxy[Hb + Mb], and RCP occur at a lower work rate
but a similar metabolic demand (VO,) is in line with the
study of Barker et al. (2006), in which it was shown that the
VO, at the critical power was similar, despite a lower exter-
nal work rate, at 100 rpm compared to 60 rpm. It is pos-
sible that critical power could be related to the cascade of
events reported in the present study especially since critical
power has been shown to correspond to 80-90 % VO,
(Poole et al. 1988; Smith et al. 1999; Hill et al. 2002) and
critical torque has recently been associated with change
in neuromuscular activity (Burnley et al. 2012). In this
context, it will be important to study muscle oxygenation
responses above and below the critical power. While the
current observations relate to incremental ramp exercise, it
remains to be confirmed if these observations and relation-
ships are also valid for constant work rate exercise. Specifi-
cally, do the changes in NIRS, EMG and gas exchange that
take place during incremental exercise in the vicinity of the
critical power work rate and/or metabolic rate (~80-90 %
VO,max) also describe the changes in muscle oxygenation
and recruitment when constant work rate exercise is per-
formed above vs below critical power. Previous studies
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that found correlations between responses during incre-
mental exercise (e.g., breakpoints in RCP, EMG, or NIRS)
and those observed during constant work rate exercise
(e.g., critical power and/or maximum lactate steady state)
(Belotti et al. 2013) suggest that this is the case. However,
further focused research is necessary to confirm the poten-
tial mechanistic similarities between incremental and con-
stant work rate responses.

Conclusions

In summary, the present study showed that there is a
close relationship between the pulmonary ‘whole-body’
VO,, muscle (de)oxygenation response and neuromuscu-
lar activity during incremental exercise. A leveling-off in
total[Hb 4+ Mb] (as a reflection of DO,) preceded the sud-
den increase in iIEMG and decrease in MPF (as reflections
of additional recruitment of highly fatiguable fibers) which
in turn preceded the leveling-off in deoxy[Hb + Mb] (as
a reflection of microvascular O, extraction). Additionally,
it was shown that RCP was closely matched to the break-
point in deoxy[Hb 4 Mb]. Furthermore, it was shown that
changing pedal rate can induce a change in the external
work rate to metabolic work rate relationship but not the
metabolic rate at which the breakpoints in neuromuscu-
lar activity and muscle deoxygenation occur, confirming
the close interrelationship between muscle activity, mus-
cle oxygenation and whole-body VO, during incremen-
tal ramp exercise. The observation that the breakpoints
are associated with metabolic rate rather than external
work rate suggests that the mechanisms underpinning the
breakpoint in deoxy[Hb 4+ Mb] might be closely related
to the critical power concept demarcating the heavy from
the severe intensity domain during constant work rate
exercise.

Conlflict of interest This study was performed without any conflict
of interest, financial or otherwise.
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