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Abstract

Assessment of intra-session repeatability of muscle activation pattern is of considerable relevance for research settings, especially
when used to determine changes over time. However, the repeatability of lower limb muscles activation pattern during pedaling is
not fully established. Thus, we tested the intra-session repeatability of the activation pattern of 10 lower limb muscles during a sub-max-
imal cycling exercise.

Eleven triathletes participated to this study. The experimental session consisted in a reference sub-maximal cycling exercise (i.e. 150
W) performed before and after a 53-min simulated training session (mean power output = 200 ± 12 W). Repeatability of EMG patterns
was assessed in terms of muscle activity level (i.e. RMS of the mean pedaling cycle and burst) and muscle activation timing (i.e. onset and
offset of the EMG burst) for the 10 following lower limb muscles: gluteus maximus (GMax), semimembranosus (SM), Biceps femoris
(BF), vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), gastrocnemius medianus (GM) and lateralis (GL), soleus
(SOL) and tibialis anterior (TA).

No significant differences concerning the muscle activation level were found between test and retest for all the muscles investigated.
Only VM, SOL and TA showed significant differences in muscle activation timing parameters. Whereas ICC and SEM values confirmed
this weak repeatability, cross-correlation coefficients suggest a good repeatability of the activation timing parameters for all the studied
muscles.

Overall, the main finding of this work is the good repeatability of the EMG pattern during pedaling both in term of muscle activity
level and muscle activation timing.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Surface electromyographic (EMG) techniques for non-
invasive muscle activation study are well accepted by the
research community and spreading in sport and clinical
physiology as assessment tools. The pattern of muscle acti-
vation during a specific movement and in rhythmic human
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motion as pedaling can be analyzed in terms of muscle
activity level and/or muscle activation timing. Muscle
activity level is quantified with the Root Mean Square
(RMS) (Duc et al., 2006; Laplaud et al., 2006) or integrated
EMG (EMGi) values (Ericson, 1986; Jorge and Hull,
1986). Muscle activation timing is generally studied by
defining signal onset and offset times that identify the dura-
tion of EMG bursts (Jorge and Hull, 1986; Li and Cald-
well, 1998). Using these indicators, numerous studies
have described the pattern of lower limb muscles activation
during pedaling (Houtz and Fischer, 1959; Ericson, 1986;
Jorge and Hull, 1986; Lucia et al., 2004; Duc et al., 2005;
Duc et al., 2006; Hettinga et al., 2006). Some of them have
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Table 1
Morphological and physiological characteristics of the triathletes (n = 11)

Age
(year)

BM
(kg)

Height
(cm)

BMI _VO2 max

(mL min�1

kg�1)

MAP
(W)

VT1

(%MAP)
VT2

(%MAP)

Mean 31 72.7 181 22.1 62.3 389 57 82
SD 8.4 6.8 8 1.7 9.1 39 4 4

BM, body mass; BMI, body mass index; MAP, maximal aerobic power;
VT1 and VT2, first and second ventilatory thresholds expressed in per-
centage of MAP.

858 S. Dorel et al. / Journal of Electromyography and Kinesiology 18 (2008) 857–865
showed changes in EMG magnitude and in temporal char-
acteristics of EMG pattern (onset, offset and/or burst dura-
tion) in response to modifications of physiological (i.e.
fatigue, exercise intensity. . .) or mechanical (i.e. pedaling
rate, bicycle geometry, body orientations. . .) constraints
(Ericson, 1986; Lucia et al., 2004; Duc et al., 2006).

Day to day reproducibility of various EMG parameters
(i.e. integrated EMG, Root Mean Square, Median fre-
quency, Mean power frequency) has been demonstrated
during static (Rainoldi et al., 1999; Dedering et al., 2000;
Falla et al., 2002; Lariviere et al., 2002) and dynamic isoki-
netic (Larsson et al., 1999; Larsson et al., 2003) exercises.
Surprisingly, assessment of the reproducibility of muscle
activation patterns during pedaling is not fully established.
Recently, Laplaud et al. (2006) showed a high reproducibil-
ity of the activity level (i.e. RMS value) of eight lower limb
muscles during progressive cycling exercise performed until
exhaustion. The major limitation of this study lies in the
fact that it only takes into account quantitative EMG vari-
ables (i.e. RMS or iEMG) without considering timing vari-
ables (i.e. onset and offset). Moreover, even if the day to
day reproducibility suggests good intra-session repeatabil-
ity, it was never been clearly established for both quantita-
tive and qualitative variables defining the EMG pattern of
the main lower limb muscles.

Assessment of intra-session repeatability of muscles acti-
vation pattern is of considerable relevance for research set-
tings, especially when used to determine changes over time
in the same subject. Even if the methodological problems
due to electrode replacement are reduced when EMG mea-
surements of a same session are compared (it is the case of
the major part of studies using EMG in cycling), the ques-
tion remains to be answered whether a personal muscle
activation strategy is adopted and maintained stable
throughout a cycling session. Houtz and Fischer (1959)
were the first to suggest a high reproducible activity pattern
during pedaling, but this pilot study enrolled only three
subjects.

The aim of this study was to test intra-session repeat-
ability of the activation pattern of 10 lower limb muscles
during a sub-maximal pedaling exercise performed at a
constant power output. Trained triathletes were tested
before and after a simulated cycling training session per-
formed at a low intensity. The EMG pattern was analyzed
both in term of muscle activity level and muscle activation
timing.

2. Materials and methods

2.1. Subjects

Eleven male triathletes whose anthropometrical and physio-
logical characteristics are presented in Table 1 volunteered to
participate to this study. They performed a cycling training vol-
ume of 6600 ± 2223 km per year and had a 9 ± 5 years of com-
petitive experience. None of them had recent or ancient pathology
of limb muscles or joints. The test procedures were explained to
the subjects before they gave their informed consent. The exper-
imental design of the study was approved by the Ethical Com-
mittee of Saint-Germain-en-Laye (acceptance no. 06016) and was
done in accordance with the Declaration of Helsinki. All subjects
were instructed to refrain from intense physical activities during
the two days before testing and were naive concerning the nature
of the experiment.

2.2. Exercise protocol

The testing protocol consisted of two sessions conducted in the
following order: (1) an incremental cycling exercise performed
until exhaustion in order to determine the physical and physio-
logical aptitudes of our population; (2) an experimental session
consisted in a reference sub-maximal cycling exercise performed
before and after a simulated training session to assess the
repeatability of the EMG pattern of the main lower limb muscles.
This session was organized one week after the first one and both
were performed on the same electronically braked cycle ergometer
(Excalibur Sport, Lode�, Netherlands). It was equipped with
standard crank (length = 170 mm) and subjects used their own
clipless pedals. Vertical and horizontal position of the saddle,
handlebar height and stem length were set to match the usual
position of the participants.

During the first visit, each subject performed an incremental
pedaling exercise, starting at 100 W with workload increments of
25 W min�1. Subjects freely chose their pedaling rate (rpm). The
incremental exercise was stopped when the power output could
not be maintained (i.e. exhaustion). Throughout this exercise trial,
a gas exchange analyser (K4B2, Cosmed�, Italy) computed
breath-by-breath data of _VE, _VO2, _VCO2, and the ventilatory
equivalents for O2 ð _VE: _VO�1

2 Þ and CO2 ð _VE: _VCO�1
2 Þ. According

to Reinhard et al. (1979), the first ventilatory threshold (VT1)
corresponded to the time value at which _VE= _VO2 exhibited a
systematic increase without a concomitant increase in _VE= _VCO2

and the second ventilatory threshold (VT2) was determined by
using the criteria of an increase in both _VE= _VO2 and _VE= _VCO2.
Two independent observers detected VT1 and VT2 following the
criteria previously described. If they did not agree, the opinion of
a third investigator was included. The first power achieved when
the maximal oxygen uptake was reached ð _VO2 maxÞ was referred as
the maximal aerobic power (MAP).

During the second session, the subjects were asked, after a 10-
min warm-up at 100 W, to perform two sub-maximal 5-min
pedaling exercises at 150 W at the same constant preferred ped-
aling rate (±2 rpm) chosen at the end of the warm-up period.
These two exercises (i.e. test and retest) were separated by a
simulated trainning session of 53-min duration. It consisted on six
pedaling bouts interspersed by active recovery at 150 W. The first
three were completed at an intensity corresponding to the power
output measured at VT1+D20% of the difference between power
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output measured at VT1 and VT2 (VT1+D20%, 6-min duration
and 5-min recovery between bouts). The last three were performed
at an exercise intensity corresponding to the power output mea-
sured at VT2 (2-min duration and 7-min recovery between bouts).
These intensities were chosen in order to simulate a non-fatigable
cycling training session.

2.3. Material and data collection

TTL rectangular pulses were delivered by the cycle ergometer
each 2�. Additional TTL rectangular pulse permitted to detect the
bottom dead centre of the right pedal (i.e. BDC: lowest position
of the right pedal with crank arm angle = 180�). These data were
digitized at a sampling rate of 2 kHz (USB data acquisition
DT9800, Data translation�, USA).

Surface EMG activity was continuously recorded for the
following 10 muscles of the right lower limb: gluteus maximus

(GMax), semimembranosus (SM), Biceps femoris (BF), vastus

medialis (VM), rectus femoris (RF), vastus lateralis (VL),
gastrocnemius medianus (GM) and lateralis (GL), soleus (SOL)
and tibialis anterior (TA). A pair of surface Ag/AgCl electrodes
(Blue sensor, Ambu�, Denmark) was attached to the skin with a
2-cm inter-electrode distance. The electrodes were placed longi-
tudinally with respect to the underlying muscle fibre arrangement
and located according to the recommendations by SENIAM
(Surface EMG for Non-Invasive Assessment of Muscles)
(Hermens et al., 2000). Prior to electrode application, the skin was
shaved and cleaned with alcohol in order to minimize impedance.
The wires connected to the electrodes were well secured with
adhesive tape to avoid movement-induced artifacts. Raw EMG
signals were pre-amplified close to the electrodes (gain 375,
bandwidth 8–500 Hz), and digitized at a sampling rate of 1 kHz
(ME6000P16 by Mega Electronics Ltd�, Finland). BDC TTL
rectangular pulses were simultaneously digitized for further
synchronization with cycle ergometer data.

2.4. Data processing

All data were analyzed with custom written scripts (Origin
6.1, OriginLab Corporation, USA). The BDC TTL rectangular
pulses were used to synchronize cycle ergometer crank angle
and EMG data. Raw EMG data were root mean squared
(RMS) with a time averaging period of 25 ms to produce linear
envelope for each muscle activity pattern. EMG RMS was then
re-sampled in order to obtain one value each 2� of crank dis-
placement. Prior re-sampling, data were filtered with an anti-
aliasing filter which cutoff frequency was dynamically computed
according to Shannon Theorem (Shannon, 1949) (i.e. 2� TTL
pulses half mean frequency). Linear interpolation technique was
then used to obtain an EMG RMS value each degree of rota-
tion. Finally, these data were averaged over 25 consecutive
pedaling cycles in order to get representative EMG RMS linear
envelopes for each muscle, each subject and each condition (test
and retest). These values were expressed as a function of the
crank arm angle as it rotated from the highest pedal position
(0�, top dead centre: TDC) to the lowest (180�, bottom dead
centre, BDC) and back to TDC to complete a 360� crank cycle.
Fig. 1 depicts an individual example of mean EMG RMS
envelopes obtained in the 10 lower limbs muscles for test and
retest.

To quantify the muscle activity pattern, a series of classical
variables were calculated from the EMG RMS linear envelope.
The overall activity level was identified by the mean EMG RMS
magnitude over one complete cycle (i.e. 0–360�, RMScycle) and by
the mean EMG RMS magnitude over the period of muscle acti-
vation (i.e. burst, RMSburst). A burst of muscle activation was
defined as the muscle activity between the starting crank angle
(onset) of the higher activity phase (i.e. period where the signal
was above a threshold of 20% of the difference between peak and
baseline EMG) and the end of this phase (offset) (Li and Caldwell,
1999). The technique of cross-correlation was used to measure the
relative change in the temporal characteristics of neuromuscular
activity (Li and Caldwell, 1998; Li and Caldwell, 1999; Wren
et al., 2006). Therefore, the cross-correlation coefficients of EMG
RMS curves between test and retest for each muscle were calcu-
lated according to the equation proposed by Li and Caldwell
(1998) with a time lag equal to zero. The purpose was to estimate
the test–retest reproducibility of linear envelope patterns of the
different muscles by using this more recent approach for com-
paring signals.

2.5. Statistical analysis

All analyses were performed with the statistical package SPPS
11.0 and ORIGIN 6.1 software for Windows. Data were first
tested for normality using Kolmogorov–Smirnov test with Dallal
and Wilkinson approximation. Because the normality condition
was verified, the results are expressed as mean ± standard devia-
tion (±SD). Differences were considered significant when proba-
bility (p) of a type I error was below 5%. Paired t-test was used to
evaluate possible differences in RMScycle, RMSburst, onset and
offset between test and retest. Intra-session repeatability of all
these variables was also assessed using different absolute and rel-
ative indices. The standard error of measurement or typical error
(SEM) was determined according to the recommendations of
Hopkins (2000) to estimate an absolute measure of reliability:
SEM ¼ Sdiff=

ffiffiffi
2
p

, where Sdiff is the standard deviation of the dif-
ference score obtained between test and retest. For quantitative
variables such as RMS values, SEM was also expressed as a per-
centage of the grand mean (%SEM). The intra-class correlation
coefficient (ICC, ratio between intra-class variance and total var-
iance) was calculated from the formula: SEM ¼ SD �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� ICCÞ

p

and hence ICC = (SD2 � SEM2)/SD2, where SD2 is the average of
the between-subject variances obtained in test and retest ðSD2 ¼
0:5 � SD2

test þ 0:5 � SD2
retestÞ. ICC represents a relative and dimen-

sionless reliability variable. According to Sleivert and Wenger
(1994), when ICC ranged between 0.80 and 1.00 a good repeat-
ability exists, when ICC ranged between 0.60 and 0.79 a fair
repeatability exists and when ICC is less than 0.60 the repeatability
is poor. On the other hand, an ICC value above 0.80 is considered
acceptable for clinical work (Currier, 1990). Finally, as described
above, the coefficient of cross-correlation was calculated to
examine variability in terms of both timing and shape between
pairs of EMG RMS envelopes.
3. Results

3.1. General results

Similar pedaling rate was maintained during test and
retest (86.8 ± 6.2 and 88.8 ± 5.2 rpm, respectively) to
achieve the work rate of 150 W. The mean power output
maintained during the 53-min of simulated cycling training



Fig. 1. Individual example of mean EMG RMS envelopes obtained in the 10 lower limbs muscles for test and retest. Test in black and retest in red. For
sake of clarity, all the curves on one panel use same arbitrary unit on vertical axes (the first and second tests are normalized to maximal EMG obtained
during the first test). TDC, top dead centre (0�); BDC, bottom dead centre (180�). (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)
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performed between test and retest was 200 ± 12 W (corre-
sponded to 52 ± 3% of MPA). In some subjects (2–8),
TA, GL and SOL displayed two distinct bursts of activa-
tion for both test and retest. In these few cases, we focused
the analysis only on the main burst (i.e. the common burst
for all the subjects). Due to the loss of signal for GMax in
one subject, statistics concerning this muscle in the follow-
ing parts were done with only 10 subjects.

3.2. Muscle activity level

No significant differences were found between test and
retest for the 10 muscles investigated. Furthermore, the val-
ues of bias measured between test and retest concerning the
RMSburst and RMScycle values were small for each muscle
except for GMax (Table 2). ICC and SEM analysis
reported a good repeatability for 8 of the 10 muscles
regarding RMSburst and for 7 of the 10 muscles regarding
RMScycle (Table 2). Overall, the activity level of both RF
and GMax muscles seemed to be less repeatable as indi-
cated by the lower ICC and higher SEM. A weak repeat-
ability of the SOL activity level was also reported for
RMScycle.

3.3. Muscle activation timing

Fig. 2 depicts the mean values of the muscle activation
timing variables obtained for both tests. Among the 10
muscles tested, only VM, SOL and TA showed significant
differences in muscle activation timing parameters (Table
3). For both VM and SOL the onset of activation occurred
later for the retest. The activity of TA lasted longer after
TDC for the retest. According to ICC and SEM analysis,
for some muscles, results reported a lesser repeatability of
onset (RF and TA) and offset (GMax, GL, BF and SOL)
values. In contrast, the cross-correlation coefficients indi-
cated a very high repeatability of the EMG activation pat-
Table 2
Repeatability of the selected RMS measurements between test and retest

Muscles RMSburst

Mean (SD) Bias SEM IC

Test (lV) Retest (lV) lV lV %

GMax 54.4 (25.0) 48.7 (17.0) �5.7 14.3 28.0 0.
SM 84.8 (37.9) 81.5 (36.8) �3.3 9.8 12.0 0.
BF 56.8 (35.4) 53.9 (42.4) �2.9 11.2 20.3 0.
VM 155.3 (35.7) 160.5 (45.6) 5.2 15.3 9.7 0.
RF 52.4 (16.4) 53.7 (17.8) 1.3 10.1 19.1 0.
VL 186.5 (44.4) 185.4 (59.9) �1.1 23.1 12.4 0.
GM 152.5 (80.2) 156.8 (101) 4.3 21.6 14.0 0.
GL 112.8 (45.1) 113.4 (53.4) 0.4 13.9 11.9 0.
SOL 91.7 (31.1) 89.2 (41.7) �2.5 14.8 16.4 0.
TA 86.6 (49.9) 83.3 (51.4) �3.3 5.7 6.7 0.

RMSburst, mean RMS magnitude during the higher activity phase; RMScycle, m
class correlation coefficient; SEM, standard error of measurement. GMax, g

medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocnemius medianus
tern for all muscles (range: 0.942–0.988, Table 4). The
lowest correlation scores were found for RF, and in a lower
extent for TA.

4. Discussion

To the best of our knowledge, it is the first study which
focuses on the repeatability of lower limb muscles activa-
tion pattern throughout a same experimental session (i.e.
intra-session repeatability). The main finding of this inves-
tigation is the high repeatability of the EMG pattern both
in terms of muscle activity level and muscle activation
timing.

4.1. Methodological considerations

Surface EMG is influenced by a number of physiological
properties such as motor unit discharge rates and muscle
membrane characteristics, as well as non-physiological
properties as electrode placement (Farina et al., 2004).
Then, day to day variation in EMG recording may be asso-
ciated with differences in electrodes re-application such as
minor changes in the position of these electrodes over the
muscles and/or differences in skin preparation (Kanka-
anpaa et al., 1998). Then, natural physiological variability
of the EMG patterns should be identified in the course of
tests performed in the same session. It is the reason why
we have tested the pattern of lower limb muscles activation
before and after a 53-min simulated training session.
Because the subjects performed only three short bouts at
both the power output corresponding to VT1+D20% and
VT2 (i.e. 6 and 2 min respectively), we hypothetized that
this pedaling exercise did not induce neuromuscular fati-
gue. In this line, Perrey et al. (2003) showed that triathletes,
with a similar training status than those involved in the
present work, were able to performed a 30-min pedaling
exercise at VT2.
RMScycle

C Mean (SD) Bias SEM ICC

Test (lV) Retest (lV) lV lV %

55 21.9 (11.6) 19.7 (8.5) �2.3 7.4 35.4 0.48
93 35.1 (16.2) 32.2 (14.8) �2.9 4.2 12.5 0.93
92 27.8 (11.6) 25.5 (11.3) �2.4 3.3 12.3 0.92
86 65.2 (16.8) 66.9 (21.3) 1.7 8.0 12.1 0.83
65 27.7 (8.7) 28.8 (8.0) 1.1 5.3 18.9 0.59
81 73.5 (19.3) 73.9 (23.4) 0.4 8.6 11.7 0.84
94 69.9 (33.0) 67.3 (42.2) �2.6 13.0 18.9 0.88
93 59.8 (24.4) 59.7 (25.0) �0.1 6.7 11.0 0.93
84 39.2 (11.5) 39.1 (13.0) �0.1 7.9 20.2 0.58
99 38.1 (20.2) 39.7 (25.5) 1.6 5.9 15.2 0.93

ean RMS magnitude for one complete cycle (from 0 to 360�). ICC, intra-
luteus maximus; SM, semimembranosus, BF, Biceps femoris; VM, vastus

; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis anterior.



Fig. 2. Mean onset, offset and duration of higher EMG activity phase indicated by bars for the 10 muscles, displayed as a function of crank position. The
second burst observed for some muscles and some subjects are voluntary not represented. TDC, top dead centre (0�); BDC, bottom dead centre (180�).
Black bars: test; red bars: retest. **p < 0.01, *p < 0.05 significant difference between test and retest. (For interpretation of the references in colour in this
figure legend, the reader is referred to the web version of this article.)

Table 3
Repeatability of the onset and the offset of the EMG bursts between test
and retest

Muscles Onset Offset

p SEM (�) ICC p SEM (�) ICC

GMax NS 5.6 0.84 NS 7.3 0.63
SM NS 5.2 0.98 NS 7.0 0.90
BF NS 8.1 0.96 NS 12.5 0.78
VM * 3.6 0.92 NS 3.5 0.88
RF NS 11.9 0.93 NS 8.5 0.97
VL NS 6.1 0.66 NS 6.9 0.54
GM NS 7.9 0.86 NS 5.2 0.96
GL NS 3.3 0.97 NS 13.7 �0.11
SOL ** 3.7 0.92 NS 15.7 0.14
TA NS 16.1 0.59 ** 4.6 0.94

Onset, Offset: starting crank angle and end crank angle of the higher
activity phase. ICC, intra-class correlation coefficient; SEM, standard
error of measurement; NS, no significant difference between test and ret-
est; **p < 0.01. *p < 0.05 significant difference between test and retest.
Mean values (SD) and bias are voluntary not depicted (see Fig. 2). GMax,
gluteus maximus; SM, semimembranosus, BF, Biceps femoris; VM, vastus

medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocnemius

medianus; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis

anterior.

Table 4
Cross-correlation coefficients between EMG curves obtained for test and
retest

Muscles Cross-correlation coefficient (r)

Test vs. retest

GMax 0.974
SM 0.977
BF 0.971
VM 0.988
RF 0.942
VL 0.984
GM 0.981
GL 0.971
SOL 0.970
TA 0.961

GMax, gluteus maximus; SM, semimembranosus, BF, Biceps femoris; VM,
vastus medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocne-

mius medianus; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis

anterior.

862 S. Dorel et al. / Journal of Electromyography and Kinesiology 18 (2008) 857–865
4.2. Muscle activity level

When the test–retest repeatability indices of EMG activ-
ity level for all the muscles were compared, it was interest-
ing to note there were no different trends between RMScycle

and RMSburst (Table 2). Since the pilot work performed by
Houtz and Fischer (1959), only few studies have reported
the reproducibility of EMG quantitative variables during
pedaling. Bigland-Ritchie and Woods (1976) mentioned a
high day to day reproducibility of the VL EMG amplitude
but this observation was made only in two subjects. More
recently, Gamet et al. (1996) reported a good week-to-week
reproducibility of the profile of the total power spectrum
(PEMG) recorded in RF during an incremental cycling
exercise performed until exhaustion. Using a similar exer-
cise protocol, Laplaud et al. (2006) demonstrated the good
reproducibility of the activity level of eight lower limb mus-
cles. Our results are in line with these studies reporting high
ICC for both RMScycle and RMSburst values. However, as
showed in the previous studies, RF seems to be one of
the least reproducible muscles. This phenomenon could
be partly attributed to kinesiological differences, as RF is
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a biarticular muscle involved in both leg extension and
thigh flexion. Nevertheless, GMax and to a lesser extent
SOL which are monoarticular muscles are also lesser
repeatable. Keeping in mind that GMax is weakly acti-
vated at low power outputs (Ericson, 1986), our results also
suggest an irregular recruitment of this muscle. However, it
is important to note that these results only reflect the
repeatability of surface EMG during a cycling exercise per-
formed at a sub-maximal power output (150 W). Based on
the results of the study of Laplaud et al. (2006) it remains
difficult to evidence a clearly trend of SEM values in actual
units to increase or decrease with power alteration. In the
present study, SEM was expressed in actual units and in
percentage of the grand mean (%SEM) in Table 2. Thus,
one would put forth the hypothesis that %SEM reported
here for all the muscles would be surestimated at this low
intensity (almost 40% of MAP) compared to a higher. It
could also partly explain the higher values of SEM in %
of the RMS obtained for GMax and RF in comparison
to other more activated muscles. Further studies are
required to investigate whether the repeatability indices
as a whole and particularly SEM% could be still better
for exercise performed at higher power outputs.

4.3. Muscle activation timing

To examine the pattern of muscles activation, important
variables of interest are the starting (onset) and ending (off-
set) crank angles of the EMG bursts. Despite the majority of
the 10 muscles displayed a good repeatability for these vari-
ables, three muscles showed significant differences for onset
(VM, SOL) or offset values (TA). However, as illustrated in
Fig. 2 and statistically confirmed, these small differences in
onset and offset (ranged 0.1–7.5� of crank rotation) did
not lead to any significant modifications of the burst dura-
tion whatever the muscle considered. ICC and SEM values
also showed fair and sometimes poor repeatability of the
onset and/or offset for some muscles (Table 3).

In the present study, a threshold of 20% of the peak
EMG was voluntary kept constant for all detections.
Despite this value is in accordance with the literature, some
methodological limitations remain concerning the identifi-
cation of onset and offset of the bursts. Indeed, as well
demonstrated by Li and Caldwell (1999), this identification
could be disputable with some EMG patterns and depen-
dant of the threshold level. In this line, it would be expected
a better repeatability of these variables if the threshold
value would have been visually adjusted and raised in the
cases for which threshold was considered inappropriate
(Li and Caldwell, 1998; Duc et al., 2006). Whatever the
algorithms used for onset/offset times determination
(Dankaerts et al., 2004; Morey-Klapsing et al., 2004), it
remains difficult to dissociate natural variability of the
EMG pattern and that inherent to the measurement
method of these variables. Thus, as argued by some
authors (Li and Caldwell, 1998; Li and Caldwell, 1999;
Wren et al., 2006), the recent use of the cross-correlation
could give a better objective estimation of the similarity
of muscle activity patterns between two conditions. Using
this method, we found high cross-correlation coefficients
for all the muscles suggesting a good repeatability of the
EMG pattern. Nevertheless, it is interesting to note that
the lowest correlation scores were obtained for the muscles
which also showed poor repeatability for onset and offset
values (i.e. RF, TA and SOL).

4.4. Strategies of muscles activation

It is noteworthy that stable locomotion may be achieved
despite significant variability in the muscle recruitment pat-
terns (Bernstein, 1967). In this line, we previously reported
heterogeneity of muscle recruitment pattern during pedal-
ing in a population of highly trained cyclists (Hug et al.,
2004). As mentioned in the ‘‘results’’ section, we found
high interindividual differences concerning the EMG pat-
terns for GL, TA and SOL muscles (i.e. one or two
EMG bursts during the cycle), suggesting a relative hetero-
geneity of these muscle recruitment patterns. However,
these inter-subject differences were observed in the same
way for test and retest conditions. Associated with the
good repeatability for all muscles mentioned above, it sup-
ports the hypothesis that each subject adopts a personal
muscle activation strategy in a course of a sub-maximal
pedaling exercise.

A better understanding of the fact that repeatability is
not high as expected for some muscles (GMax and RF
for instance) can be gained by placing that within the con-
text of the complexity of the muscle coordination strategies
(van Soest et al., 1993; Li and Caldwell, 1998). Based on
knowledge and hypothesis about coordination or coactiva-
tion of lower limb muscles during pedaling, recruitment
strategies of the different muscle groups as well as of the
muscles sharing the same biomechanical function are
unlimited. Therefore, small differences in the EMG pattern
could be related not only to subject-specific pedaling tech-
niques (inter-subjects variability) but also to a natural var-
iation of this strategy over time for a given subject. Fig. 3
illustrates an example of the relative compensation
appeared from test to retest condition between the activa-
tion patterns of three leg muscles composing the triceps
surae (especially between GL and SOL in this case). This
phenomenon leads to a very high repeatability of EMG pat-
tern of the equivalent ankle extensor muscle group (Ankle-
Ext, representing the sum of EMG patterns of GL, GM and
SOL) which hence confirms the great stability of the func-
tional role of these specific muscles. By extending this reflex-
ion to our entire population and to the main muscles, ICC
and SEM values were calculated for the quantitative EMG
variables of the following muscle groups (Table 5): knee
flexors (Knee-Flex: BF+SM), knee extensors (Knee-Ext-
Tot: VL+VM+RF and Knee-Ext-Mono: VL+VM), and
ankle extensors (Ankle-Ext: GM+GL+SOL). Despite the
choice and the composition of muscles groups proposed
here cannot be considered as exhaustive and cannot take



Fig. 3. Typical curves of RMS EMG envelope for each ankle extensor
muscle (SOL, GL, GM) for test (in black) and retest (in red) conditions.
The last graphic represents the soma of the three previous envelopes
(Ankle-Ext). All the curves used same arbitrary unit on vertical axes (the
first and second tests are normalized to maximal EMG obtained during
the first test). Note the relative compensation between the activities of
SOL and GL during the downstroke phase (45–180�) as well as during the
first part of the upstroke phase (�180 to �90�) leading to a great similarity
in the global activity pattern of the ankle extensor muscles group (Ankle-
Ext). (For interpretation of the references in colour in this figure legend,
the reader is referred to the web version of this article.)

Table 5
Repeatability of the selected RMS measurements of muscle activities,
between test and retest, for the different muscles grouped in terms of their
function: knee flexors, knee extensors and ankle extensors muscles groups

Muscles Meanburst Meancycle

SEM ICC SEM ICC

lV % lV %

Knee-Flex 13.8 10.3 0.95 4.7 8.1 0.95
Knee-Ext-Tot 32.7 9.1 0.90 15.8 10.5 0.89
Knee-Ext-Mono 31 9.9 0.90 14.8 11.6 0.89
Ankle-Ext 32.8 10 0.94 14 9.3 0.94

Meanburst mean EMG magnitude during the higher activity phase;
Meancycle mean EMG magnitude for 1 cycle. ICC, intra-class correlation
coefficient; SEM, standard error of measurement (absolute value or
expressed as a percentage of the grand mean across trials). Knee-Flex:
BF+SM; Knee-Ext-Tot: VL+VM+RF; Knee-Ext-Mono: VL+VM;
Ankle-Ext: SOL+GM+GL.
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into account all the complexity of muscle coordination, it is
interesting to note the very low values of SEM (8.1–11.6%)
and very high values of ICC (0.89–0.95) for all the muscles
groups considered. The ICC and SEM values obtained for
all muscles groups appears better than the values of each
muscle considered individually. For instance we can note
the very good value obtained for Knee-Ext-Tot (at least
equivalent to the values of Knee-Ext-Mono) while this
group included RF which showed one of the weakest
repeatability. As a whole, these results can clearly be consid-
ered as an evidence for the compensation that seems to
occur between the muscles of a same group and/or playing
the same functional role in pedaling action. Accordingly,
these results comfort the fact that recording the main lower
limbs muscles (i.e. not only one agonist–antagonist pair of
muscles per articulation) seems to be advised in future stud-
ies to give reliable information about potential modification
in muscle coordination during cycling. It would be interest-
ing in future studies to interpret the EMG patterns by also
considering the possible alteration in mechanical aspects of
the cycling task (orientation of the force on the pedals, rel-
ative compensation between the two limbs. . .).

4.5. Conclusion

The challenge of interpreting dynamic EMG is compli-
cated by variability in the data. For this reason, it is impor-
tant to recognize the natural variability associated with
these physiological signals during pedaling in order to
improve the interpretation of EMG activity. For instance,
the knowledge about this EMG patterns repeatability may
help for the interpretation of the numerous studies which
focused on the changes of EMG burst duration and/or
muscle activation timing in response to physiological (i.e.
fatigue, exercise intensity) or mechanical (i.e. pedaling rate,
bicycle geometry, body orientations. . .) constraints. It
could be considered extending this study to spectral indices
of the EMG signals.
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