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The present study was designed to evaluate time-of-day effects on electromyographic (EMG) activity changes during a
short-term intense cycling exercise. In a randomized order, 22 male subjects were asked to perform a 30-s Wingate test
against a constant braking load of 0.087 kg·kg−1 body mass during two experimental sessions, which were set up either
at 07:00 or 17:00 h. During the test, peak power (Ppeak), mean power (Pmean), fatigue index (FI; % of decrease in power
output throughout the 30 s), and evolution of power output (5-s span) throughout the exercise were analyzed. Surface
EMG activity was recorded in both the vastus lateralis and vastus medialis muscles throughout the test and analyzed
over a 5-s span. The root mean square (RMS) and mean power frequency (MPF) of EMG were calculated. Neuromuscular
efficiency (NME) was estimated from the ratio of power to RMS. Resting core temperature, Ppeak, Pmean, and FI were
significantly higher ( p < .05) in the evening than morning test (e.g., Ppeak: 11.6 ± 0.8 vs. 11.9 ± 1 W·kg−1). The results
showed that power output decreased following two phases. During the first phase (first 20s), power output
decreased rapidly and values were higher ( p < .05) in the evening than in the morning. During the second phase
(last 10s), power decreased slightly and appeared independent of the time of day of testing. This power output
decrease was paralleled by evolution of the MPF and NME. During the first phase, NME and MPF were higher
( p < .05) in the evening. During the second phase, NME and MPF were independent of time of day. In addition, no
significant differences were noticed between 7:00 and 17:00 h for EMG RMS during the whole 30 s. Taken together,
these results suggest that peripheral mechanisms (i.e., muscle power and fatigue) are more likely the cause of the
diurnal variation of the Wingate-test performance rather than central mechanisms. (Author correspondence:
n_souissi@yahoo.fr)
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INTRODUCTION

Circadian or daytime variations have been demonstrated
for various indices of short-term maximal performance
during sustained, e.g., Wingate test (Souissi et al., 2004)
or very brief all-out efforts, such as maximal voluntary
contraction (Sedliak et al., 2008). For instance, during
the Wingate test, it has been well documented that
peak power (Ppeak) and mean power (Pmean) show
time-of-day fluctuations, with morning nadirs, after-
noon/early evening highest values (Souissi et al., 2004,
2007, 2010), and a peak-to-trough amplitude equal to
7.6% ± 0.8% and 11.3% ± 1.1%, respectively (Souissi

et al., 2004). Although the exact mechanisms responsible
for these time-of-day effects are still under discussion
(Drust et al., 2005; Racinais, 2010), these observations
make the understanding of circadian variation in sports
performance an important practical consideration for
both athletes and coaches in competition and might
have important implications for both the short- and
long-term success of an athlete or team.

The diurnal increase in central body temperature may
exert a beneficial passive warm-up that may enhance
metabolic reactions, increase the extensibility of connec-
tive tissue, reduce muscle viscosity, and increase
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conduction velocity of action potentials (Shephard,
1984). Thus, some authors have suggested that the
diurnal variations in maximal short-term performance
are linked to peripheral mechanisms, rather than to vari-
ation in central nervous command (Guette et al., 2005;
Martin et al., 1999). For instance, Martin et al. (1999) re-
ported an increase in the force level and speed of contrac-
tion in the evening compared to morning without any
proportional increase in the neural drive. Likewise,
Guette et al. (2005) showed that the neural drive to
muscle does not exhibit time-of-day variation.
However, other studies suggested that both central
(neural input to the muscles) and peripheral (contractile
state of the muscle) mechanisms may be altered across
the day (Castaingts et al., 2004; Gauthier et al., 1996).
Because most of these studies were performed during
monoarticular movements, direct comparison with the
Wingate test should be conducted with caution. In fact,
the movement involved during a Wingate test is more
complex, i.e., multiaxial, multiarticular, and requiring
several muscular chains based on a free pedaling rate
(Hug & Dorel, 2009), than the movement involved
during a test carried out on an isokinetic ergometer. In
addition, during such a supramaximal cycling exercise,
performance is also dependent on the ability of athletes
to produce and maintain a high level of force and/or
power output throughout the test (Bar-Or, 1987). This
ability is limited by “muscle fatigue,” which can be
defined as an exercise-induced decrease in maximal
force-generating capacity of muscle (Vøllestad, 1997).
To date, there is conflict in the literature with regard to
the impact of time-of-day effects on fatigue during
high-intensity cycling exercise. Although Souissi et al.
(2007) during Wingate testing showed higher decrease
in power output, i.e., fatigue index, defined as the differ-
ence between the higher and theminimal power during a
30-s Wingate test, in the morning compared to evening,
Lericollais et al. (2010) showed that muscle fatigue, i.e.,
decrease of power output throughout 60-s Wingate
testing, occurring in the late evening was greater than
that occurring in the early morning. Further confusion
arises from studies that did not demonstrate any signifi-
cant diurnal variation in muscular fatigue (Lericollais
et al., 2009; Souissi et al., 2004, 2010).

With these elements in mind, it appears necessary to
clarify the mechanisms responsible for these time-of-
day effects on Wingate performance. Since the Wingate
test is one of the most popular anaerobic performance
tests (Inbar et al., 1996), even if the aerobic metabolism
is also taxed (Granier et al., 1995), this information is
crucial for athletes, coaches, and researchers who are in-
volved with highly anaerobic sports. One of the advan-
tages of this pedaling test is that it involves several
joints and muscle groups, closely simulating the move-
ments observed in numerous cyclic exercises, such as
swimming, running, rowing, and kayaking. Moreover,
surface electromyography (EMG) can be used to
provide indirect information about neural drive and

muscle fatigue (Hunter et al., 2003). The EMG amplitude
can be used as an index to quantify neural drive associated
with power output (Hunter et al., 2003; Racinais et al., 2007,
2010) and, thus, to identify the putative role of the central
mechanism in the diurnal variation on Wingate perform-
ance. Also, the frequency content of the EMG signal is an
interesting tool to assess muscle fatigue (Hunter et al.,
2003). For instance, some studies reported a decrease in
the mean power frequency during the Wingate test (Greer
et al., 2006; Hunter et al., 2003), which may be caused by
an accumulation ofmetabolites and a consequent decrease
in pH, resulting in the slowing of the muscle fiber conduc-
tion velocity. However, to date, it is not clear how time of
day affects EMG signal, both in terms of amplitude and fre-
quency content, during a high-intensity continuous cycling
test such as the Wingate test.

Thus, the aim of this work was to explore the effect of
time of day on the time course of EMG activity changes
during a Wingate test. The collection of EMG data
aimed at providing additional physiological insights re-
garding the diurnal effect on neuromuscular perform-
ance during a continuous maximal cycling exercise, i.e.,
30-s Wingate test. In light of the literature observations,
we hypothesized that the diurnal variation of muscle
power and fatigue, i.e., higher evening values, during
the Wingate test could be due to peripheral rather than
central mechanisms.

METHODS

Subjects
Twenty-twophysical education students (age, 23.2 ± 1.9 yrs;
height, 175.1 ± 5.2 cm; mass, 72.4 ± 5.7 kg; mean ± SD) vol-
unteered to participate in the study. They were fully in-
formed of the protocol procedures and signed a consent
form before participating. The criteria for participant
inclusion were that subjects kept standard times for sleep-
ing habits (sleeping between 23:00 and 07:00 ± 1:00 h).
Theywerenonsmokerswhodidnot consumecaffeineoral-
coholic beverages that could possibly enhance or compro-
mise wakefulness. None suffered from lower-limb injuries
or muscle soreness at the time of the experiment. They
were physically active (4 ± 2 h of training/wk), but they
were not cyclists. To avoid inclusion of “extreme types,”
subjects were selected as “neither type,” on the basis of
their answers to the Horne and Östberg self-assessment
questionnaire (Horne & Östberg, 1976). The study protocol
complied with the Helsinki Declaration for human exper-
imentation and was approved by the University Ethics
Committee. It also complied with the ethical and pro-
cedural requirements of the Journal for the conduct of
human biological rhythm research (Portaluppi et al., 2010).

Experimental Design
For 2 wk before the start of the experimental period, the
subjects came to the laboratory two times and at two
different hours of the day, i.e., 07:00 and 17:00 h, to
become fully familiarized with the cycle ergometer and
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high-velocity cycling exercises so as tominimize potential
learning effects during the course of the experiment.
Then, they performed two experimental trials, one in
the morning between 07:00 and 09:00 h and one in the
evening between 17:00 and 19:00 h in a randomized
order over two days with a minimum recovery period of
34 h. These time points, i.e., 07:00–09:00 h and 17:00–
19:00 h, were chosen because they are generally reported
in the literature as phases of theminimum andmaximum
daytime levels of power output during the Wingate test,
respectively (Souissi et al., 2004). The experimental
trials were conducted as follows: 30 min of rest including
participant’s preparation, 5 min of active warm-up on a
cycle ergometer, and a 30-s Wingate test. The 5-min
warm-up involved pedaling at 60 rpm interspersed with
three 2- to 3-s all-out sprints. A recovery period of 5 min
was allowed between the warm-up and the test. Surface
EMGactivitywas continuously recorded during each trial.

To minimize confounding factors, instructions related
to sleep and diet were given to the subjects before the
experiment. On the night preceding each test session,
subjects were asked to keep their usual sleeping habits,
with a minimum of 6-h sleep. Moreover, participants
were requested to maintain their habitual physical
activity and to avoid strenuous activity in the day before
each test session. In this context, and as recommended
by Reilly and Bambaeichi (2003), actimetry (Actiwatch;
Cambridge Neurotechnology, Cambridge, UK; Mini
Mitter; Respironics, Bend, Oregon, USA) allowed us to
check that the sleep duration of individual subjects was
not <6 h (group mean and SD: 6:50 ± 0:45 h), and that
they did not engage in any tiring exercise during the
testing period. Before the morning test session, subjects
were instructed to wake up at 06:00 h, as recommended
by Bougard et al. (2009), and they were asked to come
to the laboratory at 07:00 h in a fasting state. Only one
glass (“150 to 200 ml”) of water was allowed, to avoid
postprandial thermogenesis effects. After the morning
session, unrestricted food intake was allowed. Before
the evening test session, they had the same standard
isocaloric meal at 12:00 h. After that meal, only water
was allowed ad libitum. The overall daily energy intake
goal was set at 10.5 MJ (2500 kcal) per capita/day.
During the entire experimental period, the mean
ambient temperature and relative humidity of the
laboratory were kept stable (mean ± SD: 20.9°C ± 1.2°C
and 37.5% ± 7.3%, respectively) in order to minimize
potential effects of ambient temperature changes on
the muscular system (Racinais et al., 2005a).

Subjects’ oral temperature was recorded by digital
clinical thermometer (Omron, Paris, France; accuracy
±0.05°C) at the beginning of each testing session after
they lay in a supine position for 15 min to minimize the
effects of prior activity on this parameter.

Wingate Test
The Wingate test was conducted on a calibrated friction-
loaded cycle ergometer (Monark 894; Stockholm,

Sweden) interfaced with a microcomputer. The cycle
was equipped with toe-clips to prevent the subject’s
feet from slipping. To avoid an intraindividual effect of
postural changes, foot position on the pedals, saddle
height, and upper body position were adjusted to each
subject’s satisfaction and maintained identical through-
out the study. The Wingate test consisted of a 30-s
maximal sprint against a constant braking resistance de-
pendent on the subjects’ body mass (0.087 kg·kg−1 body
mass) according to the optimization tables of Bar-Or
(1987). For each subject, the braking load was deter-
mined during the first test session and remained constant
throughout the experiment. The test began from a rolling
start, at 60 rpm against minimal resistance (weight basket
supported). When a constant pedal rate of 60 rpm was
achieved, a countdown of “3-2-1-go!” was given by the
experimenter. At the start signal, participants were in-
structed to pedal as fast as they could for 30s. During
the test, subjects had to remain seated and were strongly
encouraged by the same investigator to avoid pacing and
to reach the maximal pedaling rate as quickly as possible.
Every second, power output was calculated and stored by
computer. During the test, the pedal rate was monitored
by means of a data acquisition interface (Biopac Systems
MP 100; USA) and sampled at a frequency of 500 Hz. The
highest mechanical power (Ppeak) attained over 1 s during
the course of the exercise and the mean power (Pmean)
corresponding to the average of power output values
obtained during the 30 s were recorded and stored for
further analysis. The fatigue index (FI), i.e., percentage
of decrease in power output throughout the test, was
calculated as follows (Souissi et al., 2010):

FI = (Ppeak − Plow)/Ppeak.

In addition, the evolution of power output values over
each 5s of the exercise was recorded to study the
fatigue phenomenon inherent to the Wingate test as per-
formed by Lericollais et al. (2009). The inertia of the fly-
wheel was not taken into account in deriving the power
output calculation. However, the aim of our study was
to compare the same test performed at two different
times of day in the same subjects and using the same erg-
ometer (same inertia of the flywheel, same tension in the
brake rope, etc.). Thus, disregard of the inertial com-
ponent does not call into question the time-of-day
effect observed in the present study.

EMG Measurement and Analysis
EMG signals were recorded with dry-surface electrodes
(model DE-2.1; Delsys, Boston, MA, USA). The electrodes
are fitted with two silver bar contacts measuring 1 cm in
length, 0.1 cm in diameter, and with a fixed interelec-
trode spacing of 1 cm. Surface electrodes were fixed
longitudinally over the muscle belly and parallel to the
muscle fibers direction of the vastus lateralis (VL) and
vastus medialis (VM) muscles of the right leg in accord-
ance with the European Recommendations for Surface
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Electromyography (Hermens et al., 2000). The electrode
placements on the VL were at ≈2/3 the distance
between the anterior superior iliac spine and lateral
aspect of the patella. For the VM, the electrodes were
placed at ≈20% of the distance between the medial gap
of the knee joint and the anterior superior iliac spine.
The electrodes were easily attached to the skin with the
Delsys electrode interface. The reference electrode was
placed on a bony prominence on the patella of the
other leg.

To ensure consistent location throughout the exper-
iment, electrode sites were carefully determined during
a prestudy familiarization session and marked using a
waterproof felt-tip pen for subsequent actual testing
(Laplaud et al., 2006). Prior to electrode placement,
skin impedance was kept <2 kΩ by careful preparation
of the skin (shaving, abrading, and cleaning with an
alcohol-ether-acetone solution in order to minimize
skin impedance and ensure good adhesion of the electro-
des). Test contractions before exercise were also per-
formed to secure good electrode-skin contact and root
mean square (RMS) noise levels <12 µV.

EMG signals were preamplified (commonmode rejec-
tion ratio, CMRR = 92 dB; input impedance >1015 Ω; gain
= 1000) using a differential amplifier (Bagnoli-4 EMG
System; DelSys). EMG signals from the recording sites
were filtered to a bandwidth between 20 and 450 Hz.
This was done using a band-pass second-order Butter-
worth filter, to remove unwanted noise and possible
movement artifacts in the low-frequency region and to
eliminate aliasingandotherartifacts in thehigh-frequency
region. Signals were analogue-to-digital converted (with
16-bit accuracy in the signal range ±5 V) at a sampling
rate of 1000 Hz and stored in a personal computer for sub-
sequent analysis by EMGworks 3.0 Delsys Analysis
software.

Each EMG burst in VL and VM corresponds to the
down-stroke phase during pedaling (Hug & Dorel,
2009). For each muscle, the onset and offset of each
EMG burst were automatically detected (threshold = 3
standard deviations beyond the mean of baseline activity
and minimum burst duration of 50 ms; Neptune et al.,
1997) and visually checked. The root mean square
(RMS) and mean power frequency (MPF) were obtained
from the time segment corresponding to each EMG
burst. The RMS and MPF values were then averaged
over 5-s spans, giving six values for each signal (0–5,
5–10, 10–15, 15–20, 20–25, and 25–30 s).

Neuromuscular efficiency (NME) was estimated
from the ratio of power to RMS and used as an index
of neuromuscular fatigue as previously reported in
the literature (Hautier et al., 2000). MPF, NME, and
RMS values of the VL and VM muscles were
summed and averaged together to be more representa-
tive of the quadriceps muscle group. Before averaging,
we checked that the changes in the EMG data over
time were not statistically different between the two
muscles.

Statistical Analyses
Statistical tests were processed using STATISTICA Soft-
ware (StatSoft, France). Since data distribution normality
was confirmed by the Shapiro-WilkW test, results are re-
ported as the mean ± SD (standard deviation). A paired
Student’s t test was used to investigate differences
between morning and evening for the Wingate test
(Ppeak, Pmean, Plow, and FI) and oral temperature. EMG
data (RMS, MPF, and NME) and power output over 5-s
spans were analyzed using a two-way analysis of variance
(ANOVA) with repeated measures (6 [segments] × 2 [time
of day]). When appropriate, significant differences
between means were assessed using the least significant
different (LSD) Fisher’s post hoc test. Statistical signifi-
cance was established at p < .05.

RESULTS

Temperature and Performances During the Wingate Test
The morning and evening data for temperature and
Wingate test are displayed in Table 1. Oral temperature
was higher in the evening than morning ( p < .001),
with an amplitude of 0.6°C ± 0.2°C. Moreover, Ppeak,
Pmean, and FI were significantly lower at 07:00 than
17:00 h ( p < .05) (amplitude [peak-to-trough]: 2.6% ±
5.6%, 2.0% ± 3.5%, and 4.9% ± 11.3%, for Ppeak, Pmean,
and FI, respectively). However, the time-of-day effect
for Plow was not significant.

Time Course of Power Output and Surface EMG Changes
Time-course changes in power output and in EMG
parameters are displayed in Figure 1. A significant
main effect of segments was found for power output
(F(5, 105) = 158.24, p < .001), RMS (F(5, 105) = 28.39,
p < .001), MPF (F(5, 105) = 39.43, p < .001), and NME
(F(5, 105) = 36.63, p < .001). The post hoc test revealed
that power output, RMS, MPF, and NME decreased sig-
nificantly over the 30-s test in the morning and evening
(Figure 1).

The time-of-day effect of RMS activity (F(1, 21) = 1.05,
p > .05) was not significant. However, the time-of-day
effect of power output (F(1, 21) = 8.57, p < .01), MPF
(F(1, 21) = 33.98, p < .001), and NME (F(1, 21) = 4.34,
p < .05) was significant. The power output, MPF, and
NME were significantly higher in the evening

TABLE 1. Time-of-day effects on oral temperature, peak power
(Ppeak), mean power (Pmean), fatigue index (FI), and non-
normalized RMS (n = 22)

07:00 h 17:00 h p value

Temperature (°C) 36.1 ± 0.2 36.7 ± 0.2 <.001
Ppeak (W·kg−1) 11.6 ± 0.8 11.9 ± 1 <.05
Pmean (W·kg−1) 8.6 ± 0.6 8.8 ± 0.6 <.05
FI 0.49 ± 0.1 0.51 ± 0.1 <.05
Plow (W·kg−1) 5.8 ± 0.8 5.9 ± 0.9 NS

All values are expressed as mean (± SD). NS = not significant.
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than morning at the beginning of the Wingate test
(i.e., between 5 and 20 s).

The time of day × segments interaction for RMS values
was not significant. Nevertheless, a significant interaction
of time of day and segments was demonstrated for power
output (F(5, 105) = 304.04, p < .001), MPF (F(5, 105) = 2.35,
p < .05), and NME (F(5, 105) = 128.73, p < .001). The post
hoc test revealed that the significant diurnal variation of
power output, MPF, and NME in the evening, found
during the first 20 s, disappeared during the last 10 s of
the test.

DISCUSSION

The aim of the present study was to analyze EMG par-
ameters to better explain the time-of-day effects on
power output and fatigue during a continuous maximal
cycling exercise (i.e., 30-s Wingate test). The present
results confirm the diurnal variations of performance
during the 30-s Wingate test with higher evening values
for Ppeak, Pmean, and FI, and with the difference of
power output (i.e., for values obtained every 5 s) only ob-
served in the first 20 s of the exercise. Likewise, MPF and
NME were higher at 17:00 h during the first 20 s, possibly
explaining the higher performance. However, RMS
values were not time-of-day dependent.

Effect of Time of Day on Ppeak
In the present study, Ppeak was significantly higher in the
evening compared to morning test sessions. This result
confirms that obtained by others authors (Souissi et al.,
2004, 2007, 2010; Lericollais et al., 2009, 2010), who ob-
served significant diurnal variation of Wingate-test per-
formance. However, as mentioned in Introduction, the
exact mechanisms responsible for such variation are

poorly understood. It has been suggested that the
higher evening muscular short-term performances may
be linked to changes in body temperature (Bernard
et al., 1998). In this way, the present results show a signifi-
cant diurnal variation in oral temperature, with a gain of
∼0.6°C between the morning and evening, confirming
that the two times of the day selected in our study reason-
ably approximate the bathyphase (trough time) and acro-
phase (peak time) of the circadian rhythm in core body
temperature. In fact, the gain observed herein is in
accordance with the amplitude found by Souissi et al.
(2004) and Guette et al. (2005). However, the mean
range of variation in core temperature is low (≤1°C) and
seems insufficient to entirely explain the changes in
muscle strength (Martin et al., 1999; Waterhouse et al.,
2005) and, thus, the gain of performance observed
herein during the Wingate test. Consequently, other
factors could be evoked to explain the diurnal variation
in short-term maximal performances. Recent findings
suggested that daily variations in Wingate-test perform-
ances are mainly due to a higher aerobic contribution
to energy production (Souissi et al., 2007), faster VO2 kin-
etics, and better net efficiency (work performed/energy
expended above that at rest) in the evening compared
to the morning (Brisswalter et al., 2007). Other results
(Castaingts et al., 2004; Gauthier et al., 1996) suggested
that both central (neural input to the muscles) and per-
ipheral (contractile state of the muscle) mechanisms
could be altered across the day. However, other authors
argued that contractile properties of muscle tissue, i.e.,
peripheral mechanisms, could be the main source of
diurnal variation during short-term maximal perform-
ances, rather than alternation in central nervous
command (Guette et al., 2005; Martin et al., 1999;
Nicolas et al., 2005, 2007; Sedliak et al., 2008).

FIGURE 1. Power output over 5-s span (A), root mean square (RMS) (B), mean power frequency (MPF) (C), and neuromuscular efficiency
(NME) (D) during the Wingate test in the morning and evening (n = 22). All values are expressed as mean (± SD). a, b, c: Significant differ-
ences between the Wingate test time points at the level of p < .05, p < .01, and p < .001, respectively. +, ++ , ++ + : Significant difference at the
level of p < .05, p < .01, and p < .001, respectively, between the different 5-s spans during the Wingate test.
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In the present study, surface EMG activity level, i.e.,
RMS, recorded at the beginning of the test, i.e., without
neuromuscular fatigue, was used as an index of the
neural drive to the muscle (Hunter et al., 2003; Racinais
et al., 2007, 2010). The fact that EMG activity level was
not different between the two tests suggests that neural
drive was not affected by the time of day and confirms
previous results obtained during isokinetic (Guette
et al., 2005; Nicolas et al., 2005) or discontinuous
cycling exercises (Racinais et al., 2010). In addition to
the higher NME values measured in the evening, it pro-
vides additional evidence that peripheral factors are
more likely the cause of the higher Ppeak recorded in
the evening during a 30-s Wingate test.

Effect of Time of Day on Muscle Fatigue
FI during the Wingate test was higher in the evening than
morning, confirming previous results obtained during
Wingate testing (Lericollais et al., 2010), repeated
muscle contractions (Nicolas et al., 2005, 2007), and re-
peated-sprint cycling (Racinais et al., 2005b, 2010).
Nevertheless, these findings were not in agreement
with previous data that showed FI during the Wingate
test to be independent of time of day (Lericollais et al.,
2009; Souissi et al., 2010) or higher in the morning
(Souissi et al., 2007). These discrepancies could be ex-
plained by different states of motivation (Racinais et al.,
2005b) and/or arousal (Davenne & Lagarde, 1995) and
the difficulty in controlling participant adherence
(Reilly & Down, 1992). As Plow was independent of time
of day, the higher FI in the evening might be due to
higher Ppeak rather than changes in Plow. It should be
kept in mind the intrinsic variability of the FI, corre-
sponding to the percentage of decrease between Ppeak
and the minimal power recorded during the test, can
produce inconsistent results (Lericollais et al., 2009).
Therefore, to study the fatigue phenomenon inherent to
the Wingate test, it is necessary to take into account the
decline in power output values during the 30 s of the ex-
ercise (Lericollais et al., 2009, 2010), as done in the
present study. This analysis showed two successive
phases: during the first 20 s, power output values were
significantly higher in the evening than morning and
then during the last 10 s, no significant differencewas ob-
served, as previously reported by Lericollais et al. (2010).
By performing this more detailed analysis, it appears that
the progression of fatigue was higher in the evening than
morning test. Likewise, during continuous analytic exer-
cise of 50 maximal voluntary extensions of the knee (2.09
rad·s−1), Nicolas et al. (2005) showed that fatigue was
greater in the evening than morning from the 1st to the
26th repetition. However, from the 27th to the 50th rep-
etition, torque values were not time-of-day dependent.
Thus, the diurnal variation in power decrease was used
to define two phases, similar to the ones reported herein.

In the present study, the power output decrease was
paralleled by a similar decrease of NME and MPF
values, as also reported by Stewart et al. (2011). Indeed,

the evolution of these parameters showed two successive
phases. During the first phase (0 to 20 s), NME and MPF
were higher in the evening. During the second phase (20
to 30 s), the diurnal variation in NME and MPF disap-
peared. Since MPF reflects changes in the conduction
velocity of action potentials (Basmajian & De Luca,
1985), these higher MPF values measured at the begin-
ning of the Wingate test are in agreement with previous
results reported by Martin et al. (1999), showing faster
conduction velocity along the muscle fibers in the
evening than morning. As suggested by Martin et al.
(1999), this adaptation could induce decrease in
muscle contraction time and, thus, a speed-up of
muscle contractile properties resulting in the higher
Ppeak observed in the evening. However, this higher-
power production certainly induced a higher muscle
fatigue, resulting in an absence of any time-of-day
effect during the last 10 s of the Wingate test. Overall,
both RMS and MPF values of the EMG signal suggest a
peripheral origin of the higher Wingate performance
recorded in the evening.

Methodological Considerations
To the best of our knowledge, this is the first study to
explore the time-of-day effect on the time course of
changes in EMG parameters during the Wingate test.
This study suffers from some limitations inherent to the
experimental protocol. First, because direct measures of
changes in both neural, e.g., M-wave, voluntary acti-
vation, and contractile, i.e., twitch, properties of the
muscle, cannot be made during a dynamic cycling exer-
cise, such information was estimated from surface EMG
measurements. However, even though this method is
often used (e.g., Fimland et al., 2010), it should be kept
in mind that surface EMG only gives indirect information
about neural drive and muscle fatigue. Second, as only
two lower limb muscles (vastus lateralis and vastus med-
ialis) were recorded in the present study, our results have
to be confirmed by recording EMG activity in more lower
limb muscles, which are more representative, and to
counteract the putative diurnal changes in muscle
coordination. Third, since there is no agreement on the
best EMG normalization procedure to use (Hug, 2011),
we chose to compare non-normalized EMG RMS
values. To do so, we ensured consistent location of the
EMG electrodes between the two tests by marking their
location with a waterproof felt-tip pen as performed in
numerous studies (e.g., Horita et al., 2003; Kuitunen
et al., 2004). Using this procedure, Laplaud et al. (2006)
demonstrated good reproducibility of the EMG activity
level during pedaling. Finally, because we were not able
to record intramuscular temperature, oral temperature
was measured as performed in previous studies (e.g.,
Waterhouse et al., 2005). Although it provides an indirect
estimate of core and tissue temperatures, we cannot
exclude a greater influence of muscle temperature
upon the present results.
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In conclusion, the present results confirm those of
Nicolas et al. (2005) obtained during isokinetic exercise
and show that muscle power and fatigue during sus-
tained high-intensity cycling exercise lasting 30 s are
greater in the evening than in the morning. However,
this diurnal difference appears to be significant only
during the first 20 s of the test, when power values
decrease rapidly. During the last 10 s, the power and
fatigue of muscle performance are not affected by time
of day. These morning-evening differences are paralleled
with diurnal variation in MPF and NME, suggesting that
changes in muscle power and fatigue during the 30-s
Wingate test are likely linked to modifications prevailing
at the peripheral rather than central level.
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