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Abstract Although a number of studies have been de-
voted to the analysis of the activity pattern of the mus-
cles involved in pedaling in sedentary subjects and/or
amateur cyclists, data on professional cyclists are scarce
and the issue of inter-individual differences has never
been addressed in detail. In the present series of exper-
iments, we performed a non-invasive investigation using
functional magnetic resonance imaging and surface
electromyography to determine the pattern of activity of
lower limb muscles during two different exhausting
pedaling exercises in eight French professional cyclists.
Each subject performed an incremental exercise during
which electromyographic activity of eight lower limb
muscles and respiratory variables were recorded. After a
3-h recovery period, transverse relaxation times (T2)
were measured before and just after a standardized
constant-load maximal exercise in order to quantify
exercise-related T2 changes. The global EMG activity
illustrated by the root mean square clearly showed a
large inter-individual difference during the incremental
exercise regardless of the investigated muscle (variation
coefficient up to 81%). In addition, for most of the
muscles investigated, the constant-load exercise induced

T2 increases, which varied noticeably among the sub-
jects. This high level of variation in the recruitment of
lower limb muscles in professional cyclists during both
incremental and constant-load exercises is surprising
given the homogeneity related to maximal oxygen con-
sumption and training volume. The high degree of
expertise of these professional cyclists was not linked to
the production of a common pattern of pedaling and our
results provide an additional evidence that the nervous
system has multiple ways of accomplishing a given
motor task, as has been suggested previously by neural
control theorists and experimentalists.

Keywords Magnetic resonance imaging Æ Transverse
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Introduction

Numerous studies analyzing the activity pattern of the
muscles involved in pedaling have been carried out in
sedentary subjects and/or amateur cyclists. The time-
dependent pattern of muscle activation during a cycle
ergometer exercise has been described (Houtz and
Fischer 1959) on the basis of surface electromyography
(EMG) analyses, a non-invasive technique. This tech-
nique has been used extensively in order to determine
how saddle height (Ericson 1986), pedaling rates (Eric-
son 1986; Takaishi et al. 1996) or the use of toe-clips
versus clipless pedals (Ericson 1986; Cruz and Bankoff
2001) influence muscle performance in pedaling. Other
studies have reported a linear relationship between the
amplitude of integrated EMG and workload (Bigland-
Ritchie and Woods 1974; Ericson 1986). Lower limb
muscles commonly investigated in these EMG experi-
ments include the vastus lateralis (VL), vastus medialis
(VM), rectus femoris (RF), semimembranosus (SM),
semitendinosus (ST), biceps femoris (BF), gastrocnemius
lateralis (GL), gastrocnemius medialis (GM), tibialis
anterior (TA) and the gluteus maximus (GLM).
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Magnetic resonance imaging (MRI) is another non-
invasive technique allowing functional investigations of
muscles during exercise. This functional application of
MRI is based on proton transverse relaxation time (T2)
changes measured immediately after exercise which ap-
pear to be graded with exercise intensity (Fisher et al.
1990) and correlated to integrated EMG (Adams et al.
1992; Price et al. 2003). This has been used in order to
investigate the recruitment pattern in exercising muscles
(Akima et al. 2000) and to determine how fatigue (Ak-
ima et al. 2002) or aerobic capacity (Reid et al. 2001)
could influence these exercise-induced T2 changes. Al-
though thigh muscles involved in pedaling are easily
identified using T2 contrast changes, previous studies
have not satisfactorily examined their level of involve-
ment in a pedaling exercise performed until exhaustion.
To the best of our knowledge, only one study used this
approach in amateur cyclists (Reid et al. 2001). The re-
sults showed no difference between sedentary subjects
and trained cyclists in the activity pattern of thigh
muscles, whereas the rate of T2 time-dependent changes
recorded after exercise were faster in trained cyclists.

Most of the non-invasive (MRI and EMG) studies
performed so far have reported comparative analyses
among different groups of subjects and data are missing
on professional cyclists. In addition, no information has
been provided regarding inter-individual differences
within a given homogeneous population. Consequently,
there is an obvious lack of data regarding myoelectrical
changes and pattern of lower limb muscle recruitment in
such a highly trained population. From what has been
reported so far, one would expect that high-intensity
training as performed by professional cyclists might in-
duce a common pattern of muscle recruitment (i.e. for
all subjects, the same implication for each muscles in-
volved in pedaling) associated with a production of
mechanical work in a more efficient way. In keeping with
these training-induced changes, an adaptation related to
coactivation, i.e. less antagonist coactivation, has been
reported as a result of training (Carolan and Cafarelli
1992) while Takaishi et al. (1998) reported that trained
cyclists display specific skills allowing a positive utiliza-
tion of knee flexors up to higher pedaling cadences
thereby alleviating knee extensor utilization.

MRI actually directly investigates peripheral changes
whereas EMG measurements provide information

related to the level of central activation and previous
studies (Adams et al. 1992; Price et al. 2003) showed that
these two techniques are very complementary tools for
evaluating muscle activity. However, to the best of our
knowledge, no study has used both techniques in order
to characterize the pattern of muscle recruitment during
a specific sport movement.

Using two complementary experimental techniques,
i.e. EMG and functional MRI, applied throughout two
different exercise conditions, we determined here whe-
ther a homogeneous population of professional cyclists
displays a common pattern of lower limb muscle
recruitment during exhaustive pedaling exercises.

Methods

Subjects

Eight French professional male road cyclists were in-
cluded in the study. Their anthropometric and physical
characteristics are given in Table 1. They were members
of different division 1 trade teams (i.e. Cofidis, Bonjour,
FDJeux.com, AG2R, Crédit Agricole) and three of them
participated in the World Championships for profes-
sional cyclists in 2002 and 2003 as members of the French
team. Each subject gave his written informed consent to
participate in the present study which was approved by
the local ethics committee. Cyclists had an international
competitive experience of 7 (3) years and had performed
an average of 30,000 km riding (range 28,000–34,000 km)
during the last season. None had any pathology of limb
muscles or joints. They were investigated between April
and September 2002 and were instructed to refrain from
intense training during the 2 days before testing.

Exercise protocols

The protocol consisted of two sessions performed on the
same day. Each session consisted in a cycling exercise
performed on an electrically braked cycle ergometer
(Excalibur Sport, Lode, Netherlands). The cyclists
adopted their most comfortable cycling posture on the
cycle ergometer and they used their own clipless pedals
and racing saddle. The cadence of pedaling (revolutions

Table 1 Anthropometric and
physical characteristics of the
professional road cyclist
population. CV Coefficient of
variation, BMI body-mass
index, VT1 and VT2 first and
second ventilatory thresholds,
_V O2max maximal rate of oxygen
uptake, MPT maximal power
tolerated

aMRI measurement

Mean (SD) Range CV (%)

Age (years) 24.5 (3.2) 22–32 13
Height (cm) 182 (4) 180–188 2.2
Body mass (kg) 72.4 (4) 67–77.5 5.5

BMI (kg cm)2) 21.9 (0.4) 19.6–23.9 1.8
Thigh fat (% body mass)a 8.7 (2.7) 5.1–14.2 31
_V O2max (ml kg)1 min)1) 73.6 (5.1) 67.8–82.4 6.9
MPT (W) 486 (23) 438–516 4.7
VT1 (W) 266 (26) 230–282 9.7
VT2 (W) 412 (21) 386–438 5
Training volume (km year)1) 30,000 (2,100) 28,000–34,000 7
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per minute) was freely chosen by each subject and was
recorded continuously. Measurements were averaged
over each minute and for the sake of clarity only results
of the fourth minute and the last but one minute are
reported.

In the mid morning, cyclists performed an incre-
mental exercise during which usual cardiorespiratory
parameters [rate of oxygen uptake ( _V O2), rate of carbon
dioxide production ( _V CO2), respiratory quotient (RQ),
ventilatory equivalent for oxygen, ventilatory equivalent
for carbon dioxide, minute ventilation ( _V E)] and EMG
were recorded. After 3 min of pedaling at 100 W, the
load was increased by 26 W every minute until exhaus-
tion and voluntary arrest by the subject. At this time, the
power achieved was referred as the maximal power tol-
erated (MPT). After a 3-h recovery period, including a
freely chosen meal, cyclists performed a maximal con-
stant-load exercise in the hallway of the MRI center
adjacent to the superconducting magnet room so that
the subjects were always scanned less than 1 min after
completion of the exercise. After 10 min of pedaling at
100 W, the load was automatically increased (rate of
change 50 W s)1) to the MPT determined during the
morning session. Subjects were asked to maintain this
power until exhaustion [i.e. time to exhaustion at MPT
(TlimMPT)].T2-weighted MR images were recorded on
the right thigh before and immediately after the exercise.

Measure of gas exchanges

During the incremental cycling exercise performed in the
morning, a face mask (dead space 30 ml) was designed
to form an airtight seal over the subject’s nose and
mouth, with all the inspired and expired gas going into a
turbine flow-meter for continuous measurements of in-
spired and expired volume. It was calibrated with a 1 l
syringe, and gave measurements of _V E. A side pore of
the face mask was connected to fast-response differential
paramagnetic oxygen and infrared carbon dioxide ana-
lyzers (90% response time in 100 ms) which measured
end-tidal partial pressures of oxygen and carbon diox-
ide, respectively. Throughout the incremental exercise
trial, the software (Oxycon Beta, Jaeger, Germany)
computed breath-by-breath data of _V E, _V O2, _V CO2, and
the ventilatory equivalents for oxygen ( _V E/ _V O2) and
carbon dioxide ( _V E/ _V CO2)

EMG recordings

During the first incremental exercise, we recorded EMG
in eight muscles of the right lower limb, i.e. VL, VM,
RF, SM, BF, GL, GM and TA. Bipolar silver–silver
chloride surface electrodes (2 cm in diameter, Contrôle
Graphique Médical, France) were positioned on skin
previously cleaned with an ether/alcohol mixture. The
electrodes and cables were secured with surgical tape
and cloth wrap. EMG activity was recorded using

ME3000P8 equipment (Mega Electronics, Finland;
sensitivity ±1 lV, range for bipolar EMG
± 5,000 lV). Raw EMG signals were amplified, filtered
(band-pass 20–480 Hz) and digitized (sampling rate
1 kHz). The root mean square (RMS), an index of the
global EMG activity, was averaged every seven crank
revolutions (corresponding to about 5 s for 85 rpm).
For each subject and each muscle, the calculated RMS
values were expressed as a percentage of the maximal
value (RMSmax) recorded during the incremental exer-
cise. For the sake of clarity, relative RMS values were
calculated at given times of exercise (at the warming up
period, 40, 60, 80 and 100% of the time to exhaustion).
Corresponding results are reported in Fig. 1.

MRI measurements

MRI investigations were performed at 1.5 T on a Sie-
mens-Vision Imaging system (Siemens, Germany). They
were carried out during the afternoon between 3 p.m.
and 6 p.m. MRI measurements were performed before
and immediately after the constant-load exercise (Tlim-
MPT). Ink marks on the thigh aligned with the crosshairs
of the MRI system allowed for identical positioning in
the magnet bore over repeated scans. Post-exercise MRI
acquisitions started 46 (8) s after the end of exercise.
Axial, multiecho MR images (TR 2,000 ms, TE in-
creased in increments of 22.5 ms from 22.5 to 360 ms, 25-
cm field of view, three slices, 1-cm slice thickness, 5-mm
gap, 256·256 acquisition matrix, total acquisition time
4 min 17 s) were acquired before and just after the
exercise bout. The right thigh was placed in the middle of
an ‘‘extremity coil’’ (central diameter 25 cm) and images
were obtained from the mid-thigh of the leg. For each
slice, a T2 map was generated from a pixel-by-pixel
analysis from the multiecho images.T2 values were
measured on the thigh muscles investigated during the
EMG experiment. Care was taken to exclude inter-
muscular fat and vascular structures.T2 values were
computed for each muscle and each slice. Given that
these values were not significantly different among slices,
results were averaged over the three slices. In addition,T2

values recorded at the end of the exercise period (T2ex)
were expressed as percentages of the corresponding T2

value recorded at rest (T2rest) and referred as DT2%.

DT2f% ¼ 100� T2ex=T2restð Þ � 1½ �

Fig. 1 Time-dependent changes in root mean square (RMS) values
during the incremental cycling exercise. Results are presented as
means (SD) for each muscle. RMS values are expressed relative to
the maximum RMS value (RMSmax). Time-points are as follows:
warming up period, 40, 60, 80 and 100% of the time to exhaustion.
For each averaged value, the variation coefficient is indicated.
*P<0.05, **P<0.01, ***P<0.001 overall significant effect of time.
Vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF),
semimembranosus (SM), biceps femoris (BF), gastrocnemius
lateralis (GL), gastrocnemius medialis (GM), tibialis anterior (TA)
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Statistical analyses

Results are expressed as means (SD). Statistical analyses
were performed with Sigma Stat (version 5, Jandel,
Germany). According to Taylor and Bronks (1995), we
considered that the muscle recruitment pattern was
‘‘common’’ during the progressive exercise if the varia-
tion coefficient was less than 12%. One-way analyses of
variance (ANOVA) with repeated measurements were
performed in order to investigate the time-dependent
changes (factor = time) of pedaling rate and RMS
within the exercise period. ANOVA with repeated
measurements was performed in order to investigate the
exercise-induced T2 changes (factor = subject). In order
to evaluate the relationship between variables, Pearson’s
correlation coefficient was calculated. Statistical signifi-
cance was established at the P<0.05 level.

Results

EMG analysis

As expected, professional cyclists had a high maximal
_V O2 and a high MPT (Table 1). The averaged pedaling
rate calculated at the fourth minute of the incremental
exercise [85 (3) rpm; range 71–93 rpm] was not signifi-
cantly different from the frequency calculated at the last
but one minute [89 (4); range 75–95 rpm]. For each
subject, the freely chosen pedaling rate was not different
among protocols. However, ANOVA revealed a signif-
icant difference (P<0.001) among individuals.

For all muscles, in each subject (except for the RF
muscle in one subject), the RMSmax was reached during
the last 3 min of exercise. Figure 1 shows the averaged
RMS values expressed in percentages of RMSmaxat
different times within the exercise period and for each
muscle. Regardless of the muscle, RMS increased sig-
nificantly with respect to time as a sign of increasing
activation. However, the magnitude of EMG changes
differs among muscles with a large activation extent for
VL, BF and RF and a reduced activation for GL, GM
and VM (Fig. 1). More importantly, the variation
among subjects, illustrated by the variation coefficient,
was very large ranging from 4 to 81% and clearly
indicating the inter-subject variability. It is noteworthy

that the reduced variation coefficients calculated at end
of the exercise period was mainly due to the normali-
zation procedure, i.e. normalized to the maximum
activation often recorded at end of exercise. When
considering the largest RMS value as the maximum
activation of a muscle, the variation coefficient among
activated muscles was always higher (16–81%) at the
onset of exercise as compared to the end of exercise
(4–19%) regardless of the muscle investigated. In
addition, regression analyses performed between the
magnitude of RMS changes (i.e. value at end of exer-
cise minus mean value recorded during the warming up
period) and exercise intensity did not disclose any
cause–effect relationship (Table 2).

MRI analysis

TlimMPT measured during the maximal constant-load
exercise was 174 (29) s (range 75–300 s, variation
coefficient 16.6%). T2 maps were generated on a pixel-
by-pixel analysis and recorded before and immediately
after the exercise period. The corresponding T2 values
are summarized in Table 3. T2 values measured at rest
ranged from 43.2 to 46.9 ms and increased systemati-
cally after exercise, the magnitude of changes ranging
from 5.6 to 7.1 ms (12–17%). Figure 2 depicts the
percentage T2 change (DT2%) for each muscle and each
subject. The one-way ANOVA disclosed a significant
effect of the factor ‘‘subject’’ for this variable indicating
a large variability among subjects and therefore for
each muscle (three measures, i.e. three slices per mus-
cle) namely VL (P<0.01), RF (P<0.001), VM
(P<0.01) and SM (P<0.001). In contrast, such varia-
bility was not observed for the BF muscle. Given the
standardization procedure, duration and exercise in-
tensity varied among subjects. Therefore, we analyzed
the potential relationships between T2 changes and
these two exercise variables. No significant relationship
was found between T2 changes and either exercise
intensity or exercise duration indicating that none of
these variables can account for the extent of T2 changes
(Table 2). Given that EMG and MRI recordings were
performed during two different exercise conditions,
potential relationships between EMG and T2 changes
were not analyzed.

Table 2 P values of the linear
regressions performed between
transverse relaxation time
(T2)or root mean square (RMS)
changes and exercise duration
or workload. VL Vastus
lateralis, VM vastus medialis,
RF rectus femoris, SM
semimembranosus, BF biceps
femoris, GL gastrocnemius
lateralis, GM gastrocnemius
medialis, TA tibialis anterior

Muscle T2 changes RMS changes

vs exercise duration (s) vs workload (W) vs maximal workload (W)

VL 0.19 0.85 0.58
RF 0.54 0.12 0.72
VM 0.11 0.62 0.83
SM 0.06 0.79 0.38
BF 0.06 0.59 0.46
GL – – 0.12
GM – – 0.06
TA – – 0.23
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Discussion

In the present study, we combined two non-invasive
techniques, i.e. EMG and functional MRI, in order to
characterize the activity pattern of lower limb muscles
during different exhausting pedaling exercises in pro-
fessional cyclists. To the best of our knowledge, the
characterization of this pattern of lower limb muscle
recruitment has not been investigated in professional
cyclists. On the other hand, studies performed in sed-
entary subjects and non-elite cyclists have not paid
attention to inter-individual differences within a given
group, but have focused on the differences between
groups. The main result of our study is the high level of
variation in the recruitment of lower limb muscles in
professional cyclists during both incremental and con-
stant-load exercises. This implies that the high degree of
expertise and the quite homogenous physical capabilities
of these professional cyclists are not related to the pro-
duction of a common pattern of lower limb muscle
recruitment. Such heterogeneity among subjects has al-
ready been suggested from T2measurements in VM and
VL muscles, but only in sedentary subjects (Le Rumeur
et al. 1994).

Absolute values of T2 changes recorded in exercising
muscles are similar to those previously published for a
high intensity exercise (Reid et al. 2001). However, T2

values reported at rest (44 vs 30 ms) differ from those
reported so far at similar field strength. Although this
difference is still unclear, one has to underline that it
should not interfere with the final conclusions related to
the inter-subject variability given that these conclusions
are based onT2 differences rather than on absolute values.
Several hypotheses could be put forward in order to ten-
tatively explain this difference. A poor fit quality, i.e. with
a correlation coefficient (betweenmeasured and predicted
values) less than 0.5, could have explained the T2 over-
estimation, but our fitting procedures provided correla-
tion coefficients close to 0.99 making the quality of our fit
unquestionable. On the other hand, a higher T2 value
measured at rest could illustrate a higher proportion of

Table 3 Mean (SD) T2 values recorded at rest (Rest) and imme-
diately after the constant load exercise (Ex) for each muscle. DT2

The difference between values recorded during exercise and values
recorded at rest, DT2% the same value expressed as a percentage of
the value recorded at rest

VL RF VM SM BF

Rest 43.9 (0.6) 43.2 (0.7) 44.9 (0.7) 46.9 (0.9) 44.4 (0.9)
Ex 51.6 (0.8) 48.2 (1.0) 51.3 (1.0) 52.4 (0.6) 50.5 (1.1)
DT2 7.62 (0.01) 5.17 (0.02) 6.51 (0.01) 5.62 (0.02) 6.16 (0.03)
DT2% 17.4 (2.0) 12.0 (3.0) 14.5 (2.1) 12.0 (2.3) 13.9 (3.5)

Fig. 2 The difference between transverse relaxation time values
recorded during exercise and values recorded at rest (Delta T2) are
depicted for each muscle and each subject (indicated on the x-axis).
Results are presented as means (SD)

c
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slow-twitch fibers in professional cyclists although the
relationship between T2 values and fiber-type composi-
tion is still controversial with some studies reporting a
relationship (Bonny et al. 1998) and others no correlation
at all (Houmard et al. 1995).

Several normalization procedures for EMG values
have been used. A standardization using EMG changes
associated with a maximal voluntary isometric contrac-
tion has been reported (Ericson 1986; Marsh and Martin
1995) and strongly criticized on the basis of possible
misinterpretation (Mirka 1991). On the other hand,
standardization with respect to EMG changes recorded
at 0 W could lead to overestimation of end-of-exercise
activity when a given muscle is not activated at all at the
onset of exercise. In order to avoid such misinterpreta-
tions of EMG data, we normalized RMS values with
respect to the RMSmax value recorded during the
incremental exercise as previously reported (Gamet et al.
1996).

It is noteworthy that this group of cyclists was quite
homogeneous regarding rate of oxygen uptake
( _V O2max), first and second ventilatory thresholds and
training volume (Table 1). In agreement with this
homogeneity, Lucia and coworkers (2002) reported a
low variation coefficient (2.8%) for the gross mechanical
efficiency [24.5 (0.7)%] in a similar professional road-
cyclist population [ _V 02max 72.0 (1.8) ml kg)1 min)1] and
during a constant load exercise performed at 80% of
MPT. In addition, according to several studies per-
formed in well-trained cyclists (Coyle et al. 1992;
Horowitz et al. 1994; Hansen et al. 2002) this high cy-
cling efficiency would be related to the high percentage
of type I muscle fibers and 20 times lower content of
type IIB fibers (Baumann et al. 1987). Taken together,
these results suggest that the high training status of the
professional road cyclists accounts for a homogeneous
change in fiber-type composition. Moreover, Sjogaard
(1984) revealed that the changes in muscle enzyme
activities after an aerobic training session might be of
importance for the regulation of muscle metabolism
enhancing the endurance capacity.

On the contrary, both EMG and MRI measurements
disclosed unexpected and large heterogeneities. When
discussing heterogeneity, one should characterize non-
physiological variations, which could add bias in the
measurements. In the present study the test–retest vari-
ability for EMG changes has been estimated as 3% in a
single sedentary subject investigated twice in the same
week. Also,T2 changes measured by two different
investigators (F.H. and D.B.) for the same T2 map did
provide results within a 1.1% variation. A similar vari-
ation was measured when the processing was performed
on two T2 maps generated from the same sedentary
subject over 1 week. Moreover, we have performed
repeated MRI and EMG measurements on different
occasions (i.e. constant-load exercises) in a single pro-
fessional cyclist. Values of T2 increase and the mean
RMS value of each thigh muscle were significantly
(P<0.05) correlated.

Exercise-induced contrast enhancement has been
reported to be graded with exercise intensity (Fisher
et al. 1990) and is usually considered as an index of
muscle recruitment given the good correlation previ-
ously reported between T2 changes and integrated EMG
(Adams et al. 1992). In addition, it has been clearly
shown from comparative analyses between eccentric and
concentric exercises that the T2 increase after exercise is
not dependent on absolute work rate per se, but is lin-
early linked to exercise intensity relative to maximum
aerobic power (Reid et al. 2001; Shellock et al. 1991). In
keeping with that, it has been previously underlined that
comparison of T2 changes among muscles within the
same subject and among subjects must be made with
caution given that differences in maximum aerobic
capacity could affect T2 changes for a given recruitment
level. From a standardization point of view, exercise
intensity for each subject was normalized to his maxi-
mum aerobic capacity thereby providing a reliable basis
of comparison. Considering the EMG changes, it does
seem plausible to conclude, even if EMG and MRI
measurements were made for two different exercises,
that different T2 changes indicated different recruitment
as previously suggested from comparative studies be-
tween sedentary and trained cyclists for two exercise
intensities (Reid et al. 2001).

The underlying cause of the T2 increase in exercising
muscle has been widely investigated. Several mechanisms
such as muscle perfusion changes (Fisher et al. 1990)
affecting intra- and extracellular contents (Saltin et al.
1981) and lactate production (Fleckenstein et al. 1993)
have been put forward in order to explain these T2

changes. It is currently accepted that T2 increase would
coincide with uptake or redistribution of fluid within the
exercising muscle and so as a result of the accumulation
of osmotically active metabolites such as inorganic
phosphate and lactate (Reid et al. 2001; Prior et al. 2001)
with T2 changes not necessarily accompanied by pH
changes in marine invertebrates with high natural
osmolarity (Meyer et al. 2001). Our results regarding the
extent of post-exercise T2 changes, i.e. from 12% for RF
to 17% for VL, are somewhat lower than those recorded
previously during similar exercises in trained cyclists
(up to 30%; Reid et al. 2001), triathletes (up to 25%;
Le Rumeur et al. 1994) and in control subjects (up to
25%; Reid et al. 2001). The maximum aerobic capacity
was specified in only one of these studies and it was sig-
nificantly lower [54.4 (2.7) ml kg)1 min)1] as compared
to the _V O2max in our subjects [73.6 (5.1) ml kg)1 min)1].
On the one hand, this difference illustrates the high
training status of our group. On the other hand, it could
explain the differences we observed. Indeed, on the basis
of studies conducted in controls (Cheng et al. 1995) it has
been clearly established that T2changes are tightly cou-
pled to changes in intracellular proton concentration and
that lactate is likely to be one of the osmotically active
metabolites mediating fluid shifts associated with the
post-exercise T2 increase. In light of these results, we
could hypothesize that a reduced lactate accumulation in
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our very highly trained population accounts for the
smaller T2 changes measured immediately after exercise.
A reduced lactate production during exercise is a well-
described feature of highly aerobic muscle fibers. Again,
this smaller lactate production would be due to a higher
aerobic capacity for a given muscle in a given mechanical
task or to a reduced contribution of a given muscle to a
given exercise. Previous results from Adams and
coworkers are in accordance with this latter assertion
(Adams et al. 1992). From a comparative analysis of
eccentric and concentric actions, they clearly showed that
the relationship betweenT2 changes and integrated EMG
was modulated by the type of action. Precisely, for a
similar power output, the concentric work was associated
to largerT2 changes as compared to the eccentric exercise.

Interestingly, striking differences were observed in
our study for RF and ST muscles. Indeed,T2 changes
were very small (less than 10%) in three cyclists out of
eight during the constant-load exercise. This heteroge-
neity could be ascribed either to mechanical character-
istics or to the fiber-type composition of their thigh
muscles. For instance, RF is a biarticular muscle in-
volved in both leg extension and thigh flexion. Thus,
these subjects might have only pushed and not pulled the
pedal during exercise resulting in smaller T2 changes. On
the other hand, RF contains a high percentage of fast
twitch (i.e. fatigable) fibers (Housh et al. 1995), which
could vary from one subject to another thereby condi-
tioning the extent of T2 changes.

EMG modifications are related to electrical activa-
tion of muscle (Moritani and deVries 1978) whereas T2

changes are thought to be mainly related to changes in
intra- and extracellular water content of the muscle.
Although these two measurements are based on entirely
different underlying events, previous studies (Adams
et al. 1992) have reported a close relationship between
them suggesting that they both indicate the degree of
muscle activation during exercise. In keeping with this
relationship, EMG recordings are in line with MRI
measurements and also indicate a large heterogeneity
among subjects for a different exercise. The increase in
RMS values with exercise intensity has been suggested to
reflect both the recruitment of new motor units and a
progressive increase in the firing frequency of motor
units initially recruited in order to compensate for the
deficit in contractility resulting from impairment of fa-
tigued motor units (Moritani and deVries 1978). EMG
investigations have already been performed in order to
characterize muscle activation during cycling. Ericson
et al. (1986) showed that the extent of muscle activation
was clearly different among VM, VL, GL, GM, BF, RF
and TA during an incremental pedaling exercise. On the
other hand, Takaishi and coworkers showed that VL,
VM and BF activation was significantly different during
cycling exercise in trained as compared to untrained
subjects thereby demonstrating different pedaling skills
in trained cyclists (Takaishi et al. 1998). The EMG
heterogeneity reported in the present study clearly

illustrates different muscle activation patterns which
likely result from different strategies of pedaling. Large
SD values shown in Fig. 1 clearly indicate that the
amplitude of activation for a given muscle differs strik-
ingly among subjects. For instance, considering that RF
is a biarticular muscle involved in leg extension and
thigh flexion, a higher activation of this muscle would
indicate a cycling strategy consisting of pulling and
pushing pedals during exercise whereas a weaker RF
activation would indicate that either action (pulling or
pushing or both) was reduced. A comparative analysis
between two groups of cyclists with different skills
(climbers vs time trialists) is in line with this hypothesis
indicating that a given muscle (i.e. VL) could be acti-
vated differently for a given exercise (Lucia et al. 2000).
Indeed, EMG activity of the VL muscle was larger for
climbers as compared to time trialists suggesting that
these differences may result from different strategies of
pedaling with time trialists pulling up the pedal during
cycling whereas climbers would not be used to. There-
fore, the inter-individual differences would illustrate
different pedaling strategies.

EMG changes could also be affected by the saddle
heights (Ericson 1986), cycling posture (Li and Caldwell
1998), toe-clips (Ericson 1986) or clipless use (Cruz and
Bankoff 2001), and the feet position on the pedals
(Ericson 1986). In order to minimize these effects, all the
subjects adopted conventional (upright) cycling posture
and wore their own shoes with clipless pedals. Pedaling
frequency could also affect EMG changes although re-
sults are still controversial. Marsh and coworkers
(Marsh and Martin 1995) reported an increased EMG
activity in VL, RF, GM and GL muscles when pedaling
frequency was increased from 50 to 110 rpm whereas
Sarre and coworkers (2003) showed no significant
change in RMS values of VL and VM muscles with
respect to pedaling frequency changes. Anyhow, in
our study, the difference in the (freely chosen) pedaling
frequency among subjects was not as large as (coefficient
of variation 4.4%) that indicated by Marsh and
coworkers (Marsh and Martin 1995) suggesting that the
inter-individual differences in RMS values cannot be
explained by the variability of the pedaling rate.

Conclusions

Professional cyclists exhibit significant differences in the
recruitment of the lower limb muscles during both
incremental and constant load pedaling exercise as
illustrated by both EMG and functional MRI investi-
gations. Interestingly, such an inter-subject variation
exists in a homogeneous group of professional with high
_V O2max and a high degree of expertise. Contrary to what
has been hypothesized, one could observe different
activation patterns of the lower limb muscles during
cycling exercise in a homogeneous and trained popula-
tion likely reflecting different pedaling strategies or dif-
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ferences in local aerobic capacity. These results, for
example, provide additional evidence that the nervous
system has multiple ways of accomplishing a given
motor task as has been suggested previously by neural
control theorists and experimentalists.
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