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Abstract: Background: This study tested muscle activity (EMG) and perception of effort in eccentric
(ECC) and concentric (CON) cycling before and after four sessions of both. Methods: Twelve volunteers
naïve to ECC cycling attended the laboratory six times. On day 1, they performed a CON cycling
peak power output (PPO) test. They then carried-out four sessions comprising two sets of 1 to 1.5-min
cycling bouts at 5 intensities (30, 45, 60, 75, and 90% PPO) in ECC and CON cycling. On day 2 and
day 6 (two weeks apart), EMG root mean square of the vastus lateralis (VL), rectus femoris (RF),
biceps femoris (BF), and soleus (SOL) muscles, was averaged from 15 to 30 s within each 1-min bout
and perception of effort was asked after 45 s. Results: Before the four cycling sessions, while VL EMG
was lower in ECC than CON cycling, most variables were not different. Afterwards, ECC cycling
exhibited lower RF EMG at 75 and 90% PPO (all p < 0.02), lower VL and BF EMG at all exercise
intensities (all p < 0.02), and inferior SOL EMG (all p < 0.04) except at 45% PPO (p = 0.07). Perception
of effort was lower in ECC cycling at all exercise intensities (all p < 0.03) but 60% PPO (p = 0.11).
Conclusions: After four short sessions of ECC cycling, the activity of four leg muscles and perception
of effort became lower in ECC than in CON cycling at most of five power outputs, while they were
similar before.
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1. Introduction

In contrast to the type of pedaling we all know (i.e., concentric (CON) cycling), eccentric (ECC)
cycling makes the muscle lengthen while contracting. Mostly implemented on semi-recumbent bicycles,
it consists in resisting the force of the pedals that are driven backward by an engine. Submaximal ECC
cycling is used as a rehabilitation tool because of its low cardiorespiratory demand associated with
a relatively high force output [1–6]. When matched for power output, 16 sessions of CON or ECC
cycling improved maximal voluntary force similarly, but ECC cycling was perceived easier [7].

As ECC cycling is often utterly new to individuals, most studies familiarized their participants
with it, which refines their motor control and translates into lower muscle activity (EMG) [8].
In Peñailillo et al., (2013), volunteers merely pedaled for 5 min at a power output of 50 W, whereas in
Lechauve et al., (2014) they completed 6 sessions lasting 5 to 15 min at an intensity ranging from 50 W
to 300 W. Despite these differences, the EMG (root mean square, RMS) of all leg muscles studied was
systematically lower in ECC than CON cycling at the same power output: this was the case for the
vastus lateralis muscle (VL) [9–12], the rectus femoris (RF), and the biceps femoris (BF) muscles [11,12],
and for the vastus medialis muscle [12]. These studies used single exercise intensities ranging from 65
to 85% CON cycling peak power output (PPO).
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Only LaStayo et al., (2008) [13] addressed the changes in leg muscle EMG following several
sessions of submaximal ECC cycling, observing a decrease in VL muscle EMG RMS during ECC cycling
at a power output of 200 W, after eight weeks of training.

The present investigation aimed to follow-up on aspects of the study of Lastayo et al. (2008),
by comparing the EMG RMS in CON with ECC cycling. However, given the novelty of ECC cycling,
we performed measurements while participants were not familiar with the task (they had pedaled
for 3 min only), and after four short sessions of ECC and CON cycling (comprising 10 to 15 min of
both). In order to provide a more comprehensive view of the changes observed, pedaling intensities
ranged from 30 to 90% PPO and the activity of four leg muscles was assessed. ECC cycling also elicits
particular perceptual responses [14], the gap in EMG RMS at a given mechanical power output is
accompanied by a perception of less effort in ECC than in CON cycling [13,15–17]. The second aim of
this study was therefore to assess whether the four cycling sessions would affect perception of effort.

Based on preliminary results, we expected that the typically observed lower muscle activity during
ECC than CON contraction at a given power output would be counterbalanced by factors related to
the novelty of the task. Consequently, we hypothesized that EMG RMS of the four leg muscles studied
would not differ between ECC and CON cycling before the cycling sessions, but that it would be lower
in ECC than CON cycling afterwards. Changes in perception of effort would mirror changes in muscle
activity given the strong correlation between the two parameters [18].

2. Material and Methods

2.1. Participants

Based on the difference in EMG reported by Lastayo et al., (2008) before training, a required
sample size of 10 was calculated for a one-tail matched pairs test, an effect size of d = 0.9, an alpha
level of 0.05 and power of 0.8.

Twelve healthy leisurely active volunteers, naïve to ECC cycling (8 men and 4 women; 24 ± 2 years;
174 ± 8 cm; 67 ± 11 kg) signed an informed consent form. The study was conducted in accordance
with the declaration of Helsinki (2008).

2.2. Experimental Approach

Participants attended the laboratory on 6 different days (Figure 1). Two semi-recumbent cycle
ergometers were used for steady-power CON (Ergoline GmbH, Lidenstrabe, Germany) and ECC
(Cyclus 2, Cyclus GmbH, Leipzig, Germany) cycling. The knee and hip joint flexion angles were
measured at the maximal knee extension possible on each bicycle, and the seat seatback and incline
were adjusted so that there was less than 10◦ of difference between either of the two joint angles on the
two bikes.

On the first day, volunteers performed a maximal incremental CON cycling test at 60 rpm (starting
at 50 W with an increase of 1 W every 3 s). Power output (PPO) and heart rate (bpm) were recorded at
exhaustion (i.e., when pedaling cadence dropped below 50 rpm for more than 10 s). The maximal test
was followed by 3 min of ECC cycling at 40% PPO to introduce participants to the task. They then
carried out a total of 50 min of both ECC and CON cycling in four sessions spread over two weeks.
The first session took place a week after the incremental test, and a PRE-test was integrated in it.
The second session was three days later, and the two other sessions were conducted the next week on
the same days. A POST-test was carried-out on the sixth visit, two weeks after the PRE-test.

The first and second sessions consisted in pedaling 1 min twice at five different exercise intensities
(30, 45, 60, 75, and 90% of PPO) on both bicycles, and recovered between bouts until heart rate had
returned to baseline level ±10 bpm. Bouts of the third and fourth sessions lasted 1.5 min. On the sixth
day, participants pedaled for 1 min at each power output on each bicycle. Power outputs and exercise
modalities were performed in random order so as to avoid the confound of an order effect. Participants
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were asked to pedal at a cadence of 60 rpm and were oblivious to any objective marker of exercise
intensity (i.e., power output or heart rate), across all sessions.
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Figure 1. Overview of the protocol. In panel A, each of the six squares represents a session in the
laboratory. Measurements were carried out in eccentric and concentric cycling during the first set
of the first session (PRE-test) and during the sixth session (POST-test). EMG of the rectus femoris,
vastus lateralis, biceps femoris, and soleus muscles, as well as perceptions of effort and of the difficulty
to pedal at the instructed cadence (60 rpm), were recorded. Panel B shows an example of a raw and
unfiltered EMG signal (at PRE during CON cycling at 60% PPO), with the timing of physiological
(EMG and heart rate) and perceptual measurements (perceived effort and difficulty to pedal at the
instructed cadence). PPO: Peak power output; CON: concentric cycling; ECC: eccentric cycling.

Physiological and perceptual measurements (Figure 1) were carried out during the PRE- and
POST-tests, after a warm-up consisting of 2.5 min of CON and ECC cycling at 40% of PPO.

Participants were asked to keep their usual diet and physical activities, but to restrain from any
intense physical activity for two days before the testing days.

Since the knee extensor, the hip extensor, and the ankle plantar flexor muscles are all heavily
involved during ECC cycling [19], we recorded the EMG of the RF, the VL, the BF, and the soleus
(SOL) muscles.

2.3. Physiological Measurements

Heart rate was reported 45 s after the onset of each cycling bout using a chest-belt heart-rate
monitor (Ergoline GmbH, Lidenstrabe, Germany).

EMG was measured using 2 square surface Ag/AgCl electrodes (10 mm2) touching each other in a
bipolar setting, with a reference electrode on the right patella. The skin was first shaved and cleaned
with alcohol swabs. Electrodes were identically placed on the belly of four muscles using anatomical
landmarks (seniam.org); the VL, RF, BF, and SOL muscles.
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The EMG signal was amplified by a thousand (2 kHz) using Acqknowledge 5.0 software linked to
an MP160 unit (Bipoac Systems Inc., Santa Barbara, CA, USA). Based on the frequency distribution,
the signal was band-pass filtered from 20 to 380 Hz, and a 1-Hz wide notch filter was applied every
50 Hz, using a second order Butterworth filter.

2.4. Perceptual Measurements

Perception of effort (“conscious sensation of how hard, heavy, and strenuous the task is” [20],
was obtained by asking the volunteers the difficulty they felt to breathe and to drive their legs while
pedaling [21]. Perception of the difficulty to pedal at the requested cadence corresponded to the strain
the volunteer experienced to stay at 60 ± 2 rpm, not taking overall perception of effort into account.
The two perceptions were reported during the last 10 s of each cycling bout using Borg’s CR100
scale [22], with which participants were familiarized during the incremental test. Participants were
instructed to disregard pain or discomfort when reporting perceived effort, and memory anchoring
was used for perception of effort (a rating of 100 on the CR100 scale corresponded to the most intense
effort they had experienced during an endurance exercise).

2.5. Data Analysis

EMG was analyzed from 15 s to 45 s of each bout (Figure 1), to ensure that the participants had
sufficient time to focus on pedaling and that their concentration was not interrupted by the experimenter
asking for their perceptions after 50 s. EMG RMS was averaged over this 30 s period for each muscle,
exercise intensity and day, and normalized to the EMG RMS in CON cycling at 30% PPO measured
the same day (PRE or POST). Heart rate was expressed as a percentage of the peak value reached
during the incremental test. The interindividual coefficient of variation, corresponding to the standard
deviation relative to the mean (%), was calculated for each dependent variable. The difference between
each variable in CON and ECC cycling at all power outputs was averaged for PRE- and POST-test
(see Figure 2 for EMG data), as was the interindividual coefficient of variation of each variable.

2.6. Statistical Analyses

All data are expressed as mean ± standard deviation, and alpha level for significance was set at
p < 0.05. All data of an array that were more than 2 standard deviations below or above the mean
value were removed (7.3% of the data).

Variables that were not normally distributed according to the Shapiro–Wilk test (EMG RMS;
heart rate; perceptions; difference between the EMG RMS of the VL and SOL muscles in CON and ECC
cycling) were analyzed using Friedman’s non-parametric ANOVA. A Wilcoxon matched-pairs test was
conducted for any significant ANOVA result. These data were compared in ECC vs. CON cycling at
PRE and POST. The average difference between CON and ECC cycling values at all exercise intensities
was analyzed using a repeated-measure one-way ANOVA for each variable, with TIME (PRE, POST) as
factor. The average interindividual coefficient of variation of all exercise intensities was tested with a
two-way repeated measure ANOVA with TIME (PRE, POST) and MODALITY (ECC, CON) as factors.
Cohen’s dz (2013) [23] were calculated for non-parametric and follow-up analyses (G*Power software
version 3.1.9.4; Kiel University, Kiel, Germany).
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Figure 2. Individual difference in EMG between concentric and eccentric cycling. This figure shows
the difference (percentage point) in the root mean square of the EMG between CON and ECC cycling,
averaged for all exercise intensities per muscle and per individual, before (PRE) and after (POST) the
four sessions of cycling. Note that the scale of the abscissa differs for each chart. A negative score
means that EMG RMS was greater in ECC than CON cycling. $: Difference between PRE and POST at a
given power output (p < 0.05). Error bars represent the standard error.

3. Results

At the end of the incremental CON cycling test, participants attained a heart rate of 179 ± 10 bpm,
for a PPO of 244 ± 44 W, and a perception of effort of 89 ± 6 a.u.

3.1. Muscle Activity

As shown in Figure 2, the average individual EMG RMS of the RF muscle went from greater in
ECC at PRE to greater in CON cycling at POST (−28.5 ± 88 vs. 45.9 ± 59.2% points; p < 0.01; η2

p > 0.53).
The VL, BF, and SOL muscles showed no significant effect of time (59.4 ± 66.9 vs. 63.4 ± 56.4% points;
all p > 0.46; all η2

p < 0.56). Figure 3 shows the EMG RMS of all muscles before and after the four cycling
sessions and Table 1 gives the effect sizes (dz) of the EMG RMS comparisons between CON and ECC
cycling at PRE and POST.
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Table 1. Intraindividual effect sizes for muscle activity before and after the cycling sessions.

Variable Intensity (% PPO) Effect Size PRE (dz) Effect Size POST (dz)

EMG RMS of Rectus femoris

45 −0.45 0.33
60 −0.46 0.57
75 −0.05 1.97
90 0.51 1.29

EMG RMS of Vastus lateralis

45 0.44 1.17
60 0.54 1.57
75 1.28 1.42
90 0.97 1.56

EMG RMS of Biceps femoris

45 0.47 0.82
60 0.43 1.32
75 0.65 1.2
90 0.6 1.66

EMG RMS of Soleus

45 1.65 0.78
60 0.63 1.51
75 0.6 1.84
90 1.07 2.31

The sign “−” signifies that the mean in concentric cycling was lower than that in eccentric cycling.

3.2. Heart Rate

Figure 4 shows heart rate together with perceptual responses. At PRE, heart rate was lower in
ECC than CON cycling at all exercise intensities (all p < 0.04; all dz > 0.83) except at 30% PPO (p = 0.17;
dz = 0.46), while it was higher at all power outputs at POST (all p < 0.001; all dz > 1.8).

The average difference between heart rate in ECC and CON cycling at all exercise intensities did
not change from PRE to POST (p = 0.09; η2

p = 0.3).

3.3. Perceptual Responses

At PRE, perception of effort (Figure 4) was greater in ECC than CON cycling at 30% PPO (p = 0.03;
dz = 0.56), but similar from 45 to 75% PPO (all p > 0.13; all dz < 0.23), and lower in ECC at 90% PPO
(p = 0.03; dz = 0.7). At POST, effort was lower in ECC at all exercise intensities (all < 0.03; all dz > 0.52)
except 60% PPO (p = 0.11; dz = 0.52).

Before the cycling sessions, perception of the difficulty to pedal at the instructed cadence was
higher in ECC at 60% and 75% PPO (all p < 0.05; all dz > 0.49), while it was similar at all power outputs
afterwards (all p > 0.26; all dz < 0.45).

The average difference between perception of effort at all exercise intensities in CON and ECC
cycling did not change from PRE to POST (p = 0.3; η2

p = 0.11), whereas the difference in perception
of the difficulty to pedal at the instructed cadence decreased (−5.5 ± 6.8 vs. 0.2 ± 3.2 a.u; p = 0.02;
η2

p = 0.48), bridging the coordination gap between the exercise modalities.

3.4. Heterogeneity of the Responses

Pooling the PRE- and POST-tests, the average inter-individual coefficient of variation of all
intensities (Table 1) was greater in ECC than CON cycling for heart rate, the EMG RMS of all muscles
(Figure 2) and perception of effort (all p < 0.05; all η2

p > 0.46). Following the cycling sessions, the average
inter-individual coefficient of variation declined in both modalities for heart rate, RF EMG, BF EMG
RMS, and SOL EMG RMS (all p < 0.03; all η2

p > 0.52).
Heart rate inter-individual coefficient of variation decreased from PRE to POST in CON (p < 0.001;

dz = 1.26) and ECC cycling (p < 0.001; dz = 5). SOL EMG RMS inter-individual coefficient of variation
dropped in both CON (p = 0.02; dz = 0.36) and ECC cycling (p < 0.001; dz = 1.64), and that of BF EMG
RMS declined in CON only (p > 0.001; dz = 7.7) but not in ECC cycling (p = 0.49; dz = 0.5).
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4. Discussion

We investigated whether four sessions of 10 to 15 min of submaximal ECC cycling would affect
the activity of four leg muscles and perception of effort over a range of submaximal exercise intensities.
Before the intervention, the activity of the RF, BF, and SOL muscles was not different between CON and
ECC cycling at most exercise intensities, while afterwards, the RF muscle was less activated in ECC
than CON cycling at the two highest exercise intensities, the VL and the BF muscles were less activated
in ECC cycling at all exercise intensities, and the SOL muscle was less activated in ECC cycling at four
of five exercise intensities.
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Before the cycling sessions, effort was perceived mostly similar during ECC and CON cycling,
whereas afterwards it was globally lower during ECC cycling.

4.1. Changes in Leg Muscle Activity

After, but not before, the cycling sessions, leg muscle activity was globally lower during ECC
than CON cycling. This may be due to specific muscle adaptations that occur through repeated
bouts of ECC contractions. This “repeated-bout effect” is observed after completion of a single ECC
session [24] and seems to be accompanied by improved synchronization of the motor units, the addition
of sarcomeres in series [25], enhanced excitation-contraction coupling [26], and increased muscle
stiffness [27]. All these phenomena are assumed to foster neuromuscular efficiency, so that a lower
motor command—reflected by muscle activity [28]—is required to develop the same torque as before
the ECC session(s). These adaptations may have occurred in all the muscles we studied. Each muscle,
however, showed distinct changes in muscle activity, in relation to its specific contribution to pedaling.
However, the very limited training stress (short duration and long recovery periods) let think that
these mechanisms were not predominant, and that a more refined motor control is more likely to have
caused the decrease in EMG. This is claim is in line with a lower difficulty to pedal at the instructed
cadence (see Section 4.2).

The already lower VL muscle activity in ECC than CON cycling (except at 45% PPO) while
participants were unfamiliar with ECC cycling might be due to the fact that the VL muscle has for main
role to adjust the amount of force produced by the quadriceps muscles [29]; the nature of its function
would not change with practice. In LaStayo et al., (2008), an eight-week ECC cycling training program
halved the activation time of the VL muscle within a pedaling cycle, which the authors suggested was
the result of motor learning. We should nonetheless note that their participants were totally naïve to
ECC cycling when tested before the training period, and our results let think that the changes they
reported would probably have been less important if the participants had been introduced to the task
beforehand. In any case, it seems that a four-session cycling period only marginally affected the activity
of the VL muscle.

The activity of the RF muscle of our participants became lower in ECC than CON cycling at high
power outputs only (i.e., 75 and 90% PPO). Nonetheless, the four cycling sessions period increased
the average difference between the muscle activity of the RF in the two exercise modalities, showing
that this muscle was generally recruited less in ECC cycling after participants had performed four
short sessions of it. Since the activation of the RF muscle during knee extension only intensifies at
higher loads [29], it may play a similar role in CON and ECC cycling up to 60% PPO. Its greater
activity in CON cycling at higher power outputs would support the agonist muscles in developing
power. As the RF muscle serves as a hip flexor as well as a knee extensor, when utterly naïve to ECC
cycling, individuals might have used it to pull the pedal, thereby generating negative torques and
counterbalancing the work of agonist muscles (i.e., the knee extensors and hip flexors)–increasing its
overall activity.

The BF muscle exhibited the greatest change in muscle activity, from being lower in ECC than
CON cycling only at 75% PPO before the four cycling sessions, to lower at all exercise intensities
afterwards. It is possible that the BF muscle was less co-activated when the knee extensors were
resisting the pedals [11].

The muscle activity of the SOL muscle was only lower in ECC than CON cycling at 30 and 90%
at PRE, while it was lower at all exercise intensities but 45% PPO in at POST, with large to huge
effect sizes. Among the ankle dorsi-flexors, we focused on the SOL muscle suspecting it would be
highly involved when unfamiliar with ECC pedaling, providing information about the task through
its high number of afferent fibers [30]. We thus speculate that its lower activity after the four cycling
sessions could partly be accounted for by less output from the Ia afferent fibers via two underlying
mechanisms. First, repeating ECC sessions may have decreased the H-reflex [31]. Second, as shown
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by Peñailillo et al., (2015) in a second bout of eccentric cycling, muscle fascicles stretch less at a given
power output.

Finally, the overall lower muscle activity in ECC cycling following the four cycling sessions
may partly be the result of an enhanced activity of central pattern generators at the spinal level [32].
Nevertheless, because during ECC exercises the excitability of the spinal tract is very low [33], and brain
activity is high and lasts longer than during CON contraction [15,34], there may be more margin for
improvement at the cortical level.

4.2. Changes in Perceptual Responses and Heart Rate

Perception of effort is thought to be the result of a copy of the motor command (or corollary
discharge) towards somatosensory areas of the brain [21,35]. Since muscle activity is believed to reflect
central motor command [28], we expected the lower leg muscle activity in ECC after the four cycling
sessions to be associated with a lower perception of effort [18].

At PRE, the greater perception of effort in ECC than CON cycling at 30% PPO, together with
the opposite finding at 90% PPO and the absence of difference in between these power outputs
(Figure 4), seem to highlight a shift in the mechanisms responsible for perception of effort as exercise
intensity increased. Namely, at 90% during ECC cycling, the intensity of the central comand—indirectly
generating perceived effort—would be predominantly determined by exercise intensity (i.e., applying
greater torque to the pedals), while at 30% it would result in a greater proportion from the motor
control required by the task. This is in line with the fact that the difference in the average perception of
the difficulty to pedal at the instructed cadence in CON and ECC cycling disappeared after the four
cycling sessions. It thus seems that the lower perception of effort in ECC than in CON cycling after
(but not before) the cycling sessions also partly originates from less difficulty pedaling at the required
cadence. This might be the result of more refined motor coordination, accounting for lower muscle
activity [13]. During ECC cycling, perception of effort seems to be more due to coordination than to
the production of power, while mechanisms seem reversed during CON cycling.

The lower heart rate after the four cycling sessions would indicate that the energy demand was
lower in ECC cycling, requiring a weaker motor command, in turn leading to the perception of less
effort. This suggestion is consistent with the lower muscle activity of the BF muscle at 30% PPO only at
POST (and not at PRE) and increased effect size in the difference in EMG RMS between CON and ECC
cycling of the other muscles. Nonetheless, caution is required when using heart rate as a surrogate
for metabolic intensity, because its change during an ECC exercise does not follow that of oxygen
consumption as closely as it does in a CON exercise [36].

4.3. Variability of the Responses

Both physiological and perceptual responses exhibited greater inter-individual variability in ECC
than in CON cycling, and the cycling sessions reduced the heterogeneity of all physiological parameters
in the two exercise modalities (Table 2 and Figure 2). Heart rate and SOL muscle activity became more
homogeneous (lower interindividual coefficient of variation) in both modalities, although effect sizes
indicate a larger effect in ECC. On the other hand, the variability in BF muscle activity diminished
in CON cycling only. Overall, these results suggest that a four-session familiarization period with
ECC cycling can reduce the influence of the novelty of the task on individual responses, and help
understanding the effects of the task per se. Unexpectedly, we also observed reduced variability
during CON cycling—possibly related to the use of semi-recumbent rather than standard bicycles.
The four cycling sessions eliminated variability that is inherent not to the task but to its novelty, even in
supposedly familiar tasks.
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Table 2. Inter-individual coefficients of variation of all variables.

PRE POST

ECC CON ECC CON

Perceived effort $$ (%) 58.5 ± 12.5 47.2 ± 8 58.9 ± 14.4 30.3 ± 7.3

Perceived difficulty to match cadence (%) 63.2 ± 5.5 61.1 ± 10.4 71.8 ± 6.4 63.4 ± 6.6

Heart rate $$$,###(%) 20.2 ± 1.5 13.8 ± 1.1 10.3 ± 0.8 *** 5.9 ± 0.8 ***

RF EMG RMS $$,#(%) 51.3 ± 7.4 31.2 ± 3.7 43.6 ± 3.3 28.8 ± 7.1

VL EMG RMS $$$ (%) 56.1 ± 10 26.7 ± 7.6 47.3 ± 5.6 25.8 ± 10.1

BF EMG RMS $$,### (%) 54.6 ± 9.9 44.3 ± 9.1 50.3 ± 7.1 18.1 ± 6.7 ***

SOL EMG RMS $$,### (%) 67.5 ± 6.9 33.2 ± 13.8 52.1 ± 3.5 *** 31.3 ± 10.5 *

The inter-individual coefficients of variation of all exercise intensities are averaged for each variable. VL: vastus
lateralis muscle; RF: rectus femoris muscle; BF: biceps femoris muscle; SOL: soleus muscle; RMS: root mean squared.
Greater value in ECC than CON without interaction effect ($$ means p < 0.001; $$$ means p < 0.001). Decline from
PRE and POST without interaction effect (# means p < 0.05; ### means p < 0.001). Decrease from PRE to POST in
ECC or CON (* means p < 0.05; *** means p < 0.001).

4.4. Limits and Perspectives

In addition to several inherent limits of surface EMG [37], dynamic surface EMG measurements are
affected by factors such as changes “in the geometry of the electrode-muscle system”, which modulate
the amplitude of the EMG signal in addition to the actual level of muscle activity [38]. Nonetheless,
as the pedaling rate did not vary and EMG RMS was calculated over 30 pedaling cycles, this limitation
probably did not influence the changes in EMG RMS data significantly. Furthermore, combining
joint angle and EMG signal would have been of great value in order to analyze EMG throughout the
pedaling cycle. Finally, in order to determine the optimal duration for a familiarization procedure
with submaximal eccentric cycling, it would be of great interest to apply a method similar to that
of Green et al., (2017) [39], who assessed the between-session reliability in leg muscle activity when
performing 10 s ECC cycling sprints.

5. Conclusions

Four short cycling sessions of submaximal ECC cycling led to lower activities of the RF, VL,
BF, and SOL muscles, and perception of less effort in ECC than CON cycling over a range of
power outputs—while most variables were not different between exercise modalities beforehand.
The inter-individual differences in muscle activity and heart rate declined after the cycling sessions
but were overall greater in ECC cycling. Future investigations should consider implementing several
sessions of ECC cycling before carrying-out any muscle activity or perceptual assessments.

Author Contributions: P.C. and R.L. designed the protocol. P.C. implemented the protocol, analyzed the data,
and drafted the manuscript. R.L. revised the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the French National Research Agency under Grant ANR−15-CE19–0023;
Région Bourgogne Franche-Comté under Grant 2018-BFCO-SR-P51.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Besson, D.; Joussain, C.; Gremeaux, V.; Morisset, C.; Laurent, Y.; Casillas, J.-M.; Laroche, D. Eccentric training
in chronic heart failure: Feasibility and functional effects. Results of a comparative study. Ann. Phys.
Rehabil. Med. 2013, 56, 30–40. [CrossRef] [PubMed]

2. Chasland, L.C.; Green, D.; Maiorana, A.J.; Nosaka, K.; Haynes, A.; Dembo, L.G.; Naylor, L.H. Eccentric
Cycling: A Promising Modality for Patients with Chronic Heart Failure. Med. Sci. Sports Exerc. 2017,
49, 646–651. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.rehab.2013.01.003
http://www.ncbi.nlm.nih.gov/pubmed/23369425
http://dx.doi.org/10.1249/MSS.0000000000001151
http://www.ncbi.nlm.nih.gov/pubmed/27824689


Int. J. Environ. Res. Public Health 2020, 17, 7702 12 of 13

3. Ritter, O.; Isacco, L.; Rakobowchuk, M.; Tordi, N.; Laroche, D.; Bouhaddi, M.; Degano, B.; Mourot, L.
Cardiorespiratory and Autonomic Nervous System Responses to Prolonged Eccentric Cycling. Int. J.
Sports Med. 2019, 40, 453–461. [CrossRef] [PubMed]

4. Hoppeler, H. Moderate Load Eccentric Exercise; A Distinct Novel Training Modality. Front. Physiol. 2016,
7, 483. [CrossRef] [PubMed]

5. Laroche, D.; Joussain, C.; Espagnac, C.; Morisset, C.; Tordi, N.; Gremeaux, V.; Casillas, J.-M. Is It Possible to
Individualize Intensity of Eccentric Cycling Exercise From Perceived Exertion on Concentric Test? Arch. Phys.
Med. Rehabil. 2013, 94, 1621–1627.e1. [CrossRef]

6. Vieira, D.S.R.; Baril, J.; Richard, R.; Perrault, H.; Bourbeau, J.; Taivassalo, T. Eccentric Cycle Exercise in Severe
COPD: Feasibility of Application. COPD J. Chronic Obstr. Pulm. Dis. 2011, 8, 270–274. [CrossRef]

7. Lewis, M.C.; Peoples, G.E.; Groeller, H.; Brown, M.A. Eccentric cycling emphasising a low cardiopulmonary
demand increases leg strength equivalent to workload matched concentric cycling in middle age sedentary
males. J. Sci. Med. Sport 2018, 21, 1238–1243. [CrossRef]

8. Tesch, P.A.; Dudley, G.A.; Duvoisin, M.R.; Hather, B.M.; Harris, R.T. Force and EMG signal patterns during
repeated bouts of concentric or eccentric muscle actions. Acta Physiol. Scand. 1990, 138, 263–271. [CrossRef]

9. Lechauve, J.; Perrault, H.; Aguilaniu, B.; Isner-Horobeti, M.; Martin, V.; Coudeyre, E.; Richard, R. Breathing
patterns during eccentric exercise. Respir. Physiol. Neurobiol. 2014, 202, 53–58. [CrossRef]

10. Bigland-Ritchie, B.; Woods, J.J. Integrated electromyogram and oxygen uptake during positive and negative
work. J. Physiol. 1976, 260, 267–277. [CrossRef]

11. Peñailillo, L.; Blazevich, A.J.; Nosaka, K. Factors contributing to lower metabolic demand of eccentric
compared with concentric cycling. J. Appl. Physiol. 2017, 123, 884–893. [CrossRef] [PubMed]

12. Dufour, S.P.; Doutreleau, S.; Lonsdorfer-Wolf, E.; Lampert, E.; Hirth, C.; Piquard, F.; Lonsdorfer, J.; Geny, B.;
Mettauer, B.; Richard, R. Deciphering the metabolic and mechanical contributions to the exercise-induced
circulatory response: Insights from eccentric cycling. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 2007,
292, R1641–R1648. [CrossRef] [PubMed]

13. LaStayo, P.; Pifer, J.; Pierotti, D.; Lindstedt, S. Electromyographic Adaptations Elicited by Submaximal
Exercise in Those Naive to and in Those Adapted to Eccentric Exercise: A descriptive Report. J. Strength
Cond. Res. 2008, 22, 833. [CrossRef] [PubMed]

14. Pageaux, R.; Lepers, R.; Casillas, J.-M.; Laroche, D. It is time to investigate acute and chronic perceptual
responses to eccentric cycling. J. Appl. Physiol. 2017, 123, 1416–1417. [CrossRef]

15. Perrey, S.; Betik, A.; Candau, R.; Rouillon, J.D.; Hughson, R.L. Comparison of oxygen uptake kinetics during
concentric and eccentric cycle exercise. J. Appl. Physiol. 2001, 91, 2135–2142. [CrossRef]

16. Clos, P.; Laroche, D.; Stapley, P.J.; Lepers, R. Neuromuscular and Perceptual Responses to Sub-Maximal
Eccentric Cycling. Front. Physiol. 2019, 10, 354. [CrossRef]

17. Walsh, J.A.; Stapley, P.J.; Shemmell, J.B.H.; Lepers, R.; McAndrew, D.J. Global Corticospinal Excitability as
Assessed in A Non-Exercised Upper Limb Muscle Compared Between Concentric and Eccentric Modes of
Leg Cycling. Sci. Rep. 2019, 9, 19212. [CrossRef]

18. De Morree, H.M.; Klein, C.; Marcora, S.M. Perception of effort reflects central motor command during
movement execution. Psychophysiology 2012, 49, 1242–1253. [CrossRef]

19. Elmer, S.J.; Martin, J.C. Joint-specific power loss after eccentric exercise. Med. Sci. Sports Exerc. 2010,
42, 1723–1730. [CrossRef]

20. Marcora, S. Effort: Perception of. In Encyclopedia of Perception; 2455 Teller Road; SAGE Publications, Inc.:
Thousand Oaks, CA, USA, 2010.

21. Pageaux, B. Perception of effort in Exercise Science: Definition, measurement and perspectives. Eur. J.
Sport Sci. 2016, 16, 885–894. [CrossRef]

22. Borg, E. On Perceived Exertion and Its Measurement. 2007. Available online: http://urn.kb.se/resolve?urn=

urn:nbn:se:su:diva-6862 (accessed on 28 November 2019).
23. Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Routledge: London, UK, 2013.
24. McHugh, M.P. Recent advances in the understanding of the repeated bout effect: The protective effect against

muscle damage from a single bout of eccentric exercise. Scand. J. Med. Sci. Sports 2003, 13, 88–97. [CrossRef]
25. Lynn, R.; Talbot, J.A.; Morgan, D.L. Differences in rat skeletal muscles after incline and decline running.

J. Appl. Physiol. 1998, 85, 98–104. [CrossRef] [PubMed]

http://dx.doi.org/10.1055/a-0783-2581
http://www.ncbi.nlm.nih.gov/pubmed/31108562
http://dx.doi.org/10.3389/fphys.2016.00483
http://www.ncbi.nlm.nih.gov/pubmed/27899894
http://dx.doi.org/10.1016/j.apmr.2012.12.012
http://dx.doi.org/10.3109/15412555.2011.579926
http://dx.doi.org/10.1016/j.jsams.2018.05.009
http://dx.doi.org/10.1111/j.1748-1716.1990.tb08846.x
http://dx.doi.org/10.1016/j.resp.2014.07.007
http://dx.doi.org/10.1113/jphysiol.1976.sp011515
http://dx.doi.org/10.1152/japplphysiol.00536.2016
http://www.ncbi.nlm.nih.gov/pubmed/28663378
http://dx.doi.org/10.1152/ajpregu.00567.2006
http://www.ncbi.nlm.nih.gov/pubmed/17158264
http://dx.doi.org/10.1519/JSC.0b013e31816a5825
http://www.ncbi.nlm.nih.gov/pubmed/18438233
http://dx.doi.org/10.1152/japplphysiol.00507.2017
http://dx.doi.org/10.1152/jappl.2001.91.5.2135
http://dx.doi.org/10.3389/fphys.2019.00354
http://dx.doi.org/10.1038/s41598-019-55858-5
http://dx.doi.org/10.1111/j.1469-8986.2012.01399.x
http://dx.doi.org/10.1249/MSS.0b013e3181d60ead
http://dx.doi.org/10.1080/17461391.2016.1188992
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-6862
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-6862
http://dx.doi.org/10.1034/j.1600-0838.2003.02477.x
http://dx.doi.org/10.1152/jappl.1998.85.1.98
http://www.ncbi.nlm.nih.gov/pubmed/9655761


Int. J. Environ. Res. Public Health 2020, 17, 7702 13 of 13

26. GWarren, L.; Ingalls, C.P.; Lowe, D.A.; Armstrong, R.B. Excitation-Contraction Uncoupling: Major Role in
Contraction-Induced Muscle Injury. Exerc. Sport Sci. Rev. 2001, 29, 82–87. [CrossRef]

27. Peñailillo, L.; Blazevich, A.J.; Nosaka, K. Muscle Fascicle Behavior during Eccentric Cycling and Its Relation
to Muscle Soreness. Med. Sci. Sports Exerc. 2015, 47, 708–717. [CrossRef]

28. Siemionow, V.; Yue, G.H.; Ranganathan, V.K.; Liu, J.Z.; Sahgal, V. Relationship between motor activity-related
cortical potential and voluntary muscle activation. Exp. Brain Res. 2000, 133, 303–311. [CrossRef] [PubMed]

29. Alkner, B.A.; Tesch, P.A.; Berg, H.E. Quadriceps EMG/force relationship in knee extension and leg press.
Med. Sci. Sports Exerc. 2000, 32, 459–463. [CrossRef]

30. Pierrot-Deseilligny, E.; Burke, D. The Circuitry of the Human Spinal Cord: Spinal and Corticospinal Mechanisms of
Movement; Cambridge University Press: Cambridge, UK, 2012.

31. Grosprêtre, S.; Gimenez, P.; Martin, A. Neuromuscular and electromechanical properties of ultra-power
athletes: The traceurs. Eur. J. Appl. Physiol. 2018, 118, 1361–1371. [CrossRef] [PubMed]

32. Minassian, K.; Hofstoetter, U.S.; Dzeladini, F.; Guertin, P.A.; Ijspeert, A. The Human Central Pattern Generator
for Locomotion: Does It Exist and Contribute to Walking? Neuroscientist 2017, 23, 649–663. [CrossRef]

33. Gruber, M.; Linnamo, V.; Strojnik, V.; Rantalainen, T.; Avela, J. Excitability at the Motoneuron Pool and Motor
Cortex Is Specifically Modulated in Lengthening Compared to Isometric Contractions. J. Neurophysiol. 2009,
101, 2030–2040. [CrossRef]

34. Fang, Y.; Siemionow, V.; Sahgal, V.; Xiong, F.; Yue, G.H. Distinct brain activation patterns for human maximal
voluntary eccentric and concentric muscle actions. Brain Res. 2004, 1023, 200–212. [CrossRef]

35. Marcora, S. Perception of effort during exercise is independent of afferent feedback from skeletal muscles,
heart, and lungs. J. Appl. Physiol. 2009, 106, 2060–2062. [CrossRef]

36. Garnier, Y.; Lepers, R.; Assadi, H.; Paizis, C. Cardiorespiratory Changes during Prolonged Downhill versus
Uphill Treadmill Exercise. Int. J. Sports Med. 2019. [CrossRef]

37. Farina, D.; Merletti, R.; Enoka, R.M. The extraction of neural strategies from the surface EMG. J. Appl. Physiol.
2004, 96, 1486–1495. [CrossRef] [PubMed]

38. Barbero, M.; Merletti, R.; Rainoldi, A. Atlas of Muscle Innervation Zones: Understanding Surface Electromyography
and Its Applications; Springer Science & Business Media: Berlin, Germany, 2012.

39. Green, D.J.; Thomas, K.; Ross, E.; Pringle, J.; Howatson, G. Familiarisation to maximal recumbent eccentric
cycling. Isokinet. Exerc. Sci. 2017, 25, 17–24. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1097/00003677-200104000-00008
http://dx.doi.org/10.1249/MSS.0000000000000473
http://dx.doi.org/10.1007/s002210000382
http://www.ncbi.nlm.nih.gov/pubmed/10958520
http://dx.doi.org/10.1097/00005768-200002000-00030
http://dx.doi.org/10.1007/s00421-018-3868-1
http://www.ncbi.nlm.nih.gov/pubmed/29679247
http://dx.doi.org/10.1177/1073858417699790
http://dx.doi.org/10.1152/jn.91104.2008
http://dx.doi.org/10.1016/j.brainres.2004.07.035
http://dx.doi.org/10.1152/japplphysiol.90378.2008
http://dx.doi.org/10.1055/a-1015-0333
http://dx.doi.org/10.1152/japplphysiol.01070.2003
http://www.ncbi.nlm.nih.gov/pubmed/15016793
http://dx.doi.org/10.3233/IES-160640
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Participants 
	Experimental Approach 
	Physiological Measurements 
	Perceptual Measurements 
	Data Analysis 
	Statistical Analyses 

	Results 
	Muscle Activity 
	Heart Rate 
	Perceptual Responses 
	Heterogeneity of the Responses 

	Discussion 
	Changes in Leg Muscle Activity 
	Changes in Perceptual Responses and Heart Rate 
	Variability of the Responses 
	Limits and Perspectives 

	Conclusions 
	References

