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Corticospinal Excitability Is Lower
During Eccentric Than Concentric
Cycling in Men

Pierre Clos*t, Adrien Mater, Hippolyte Legrand, Gabriel Poirier, Yves Ballay, Alain Martin
and Romuald Lepers?

INSERM UMR 1093-CAPS, Université Bourgogne Franche-Comté, UFR des Sciences du Sport, Dijjon, France

How corticospinal excitability changes during eccentric locomotor exercise is unknown.
In the present study, 13 volunteers performed 30-min strenuous concentric and
eccentric cycling bouts at the same power output (60% concentric peak power output).
Transcranial magnetic and electrical femoral nerve stimulations were applied at exercise
onset (3rd min) and end (25th min). Motor-evoked potentials (MEPs) amplitude was
measured for the rectus femoris (RF) and vastus lateralis (VL) muscles with surface
electromyography (EMG) and expressed as a percentage of maximal M-wave amplitude
(Mmax). EMG amplitude 100 ms prior to MEPs and the silent period duration were
calculated. There was no change in any neural parameter during the exercises (all
P > 0.24). VL and RF Myax were unaffected by exercise modality (all P > 0.38). VL MEP
amplitude was greater (26 + 11.4 vs. 15.2 & 7.7% Myax; P = 0.008) during concentric
than eccentric cycling whereas RF MEP amplitude was not different (24.4 £+ 10.8 vs.
17.2 + 9.8% Myax; P = 0.051). While VL EMG was higher during concentric than
eccentric cycling (P = 0.03), RF EMG showed no significant difference (P = 0.07). Similar
silent period durations were found (RF: 120 & 30 ms; VL: 114 £ 27 ms; all P > 0.61), but
the silent period/MEP ratio was higher during eccentric than concentric cycling for both
muscles (all P < 0.02). In conclusion, corticospinal excitability to the knee extensors is
lower and relative silent period longer during eccentric than concentric cycling, yet both
remained unaltered with time.

Keywords: motor-evoked potential, M-wave, silent period, knee extensor muscles, transcranial magnetic
stimulation

INTRODUCTION

An eccentric contraction is a forcible lengthening of the muscle-tendon unit while a concentric
contraction consists in an active shortening. At the same force level, the former requires
lower oxygen consumption (Abbott et al., 1952) and muscle activation (measured by surface
electromyography—EMG; Bigland-Ritchie and Woods, 1976) than the latter. This appears to be due
to the large contribution of passive structures, such as tendons or titin, to eccentric force production
(Herzog, 2018). In addition, single-joint eccentric contractions have long been considered to
require a unique neural control (Duchateau and Enoka, 2016). Notably, electroencephalography
(Fang et al., 2001) or near-infrared spectroscopy (Borot et al., 2018) revealed that brain movement-
related neural networks are more activated during eccentric than force-matched concentric

Frontiers in Physiology | www.frontiersin.org

1 March 2022 | Volume 13 | Article 854824


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.854824
http://creativecommons.org/licenses/by/4.0/
mailto:pierre.clos@u-bourgogne.fr
https://orcid.org/0000-0002-9435-9991
https://orcid.org/0000-0002-3870-4017
https://doi.org/10.3389/fphys.2022.854824
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.854824&domain=pdf&date_stamp=2022-03-16
https://www.frontiersin.org/articles/10.3389/fphys.2022.854824/full
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Clos et al.

Corticospinal Excitability During Eccentric Cycling

contractions (Perrey, 2018). This greater brain activity is
counterbalanced by inhibitions at the spinal levels, explaining the
lower EMG level during eccentric than concentric contractions at
the same torque level (Duchateau and Enoka, 2016).

Researchers have used transcranial magnetic stimulation
(TMS) during single-joint eccentric contractions to test the
excitability of the corticospinal tract—the primary descending
neural pathway involved in voluntary movements (Lemon,
2008). They found corticospinal excitability (i.e., the amplitude
of motor-evoked potentials—MEPs—normalized to the size of
the maximal response evoked by electrical stimulation of the
motor nerve—maximal M-wave, Mpax) to be lower during
eccentric compared with concentric plantar flexions at the same
force level (Duclay et al., 2014). This result is nuanced for
the knee extensor muscles, with MEPs recorded on the vastus
medialis (VM) and rectus femoris (RF) muscles being similar and
smaller, respectively, during eccentric compared with concentric
contractions at the same force level (Garnier et al, 2018).
Furthermore, the duration of EMG interruption following MEP,
termed silent period, is proportional to MEP amplitude and
informs on inhibitory processes owing to both spinal and intra-
cortical mechanisms (Yacyshyn et al., 2016; Skarabot et al., 2019).
While the silent period is generally shorter during eccentric
than concentric single-joint contractions (Duchateau and Enoka,
2016), the relative silent period (silent period duration/MEP
amplitude ratio reflecting the balance between excitatory and
inhibitory processes along the corticospinal pathway) is often
greater during eccentric single-joint contractions (soleus muscle;
Duclay etal., 2011)). Yet again, this result is not confirmed for the
knee extensor muscles (Garnier et al., 2018).

To our knowledge, only one study assessed corticospinal
excitability throughout a fatiguing eccentric single-joint exercise
(i.e,, during the dynamic contractions). Garnier et al. (2018)
had participants complete a fatiguing exercise consisting of
10 series of 10 concentric or eccentric leg extensions at an
intensity corresponding to 80% of their maximal isometric
force. Applying TMS at the same knee flexion angle during
the dynamic contractions, at the onset and end of the exercise,
the authors did not observe any modulation of MEP size,
EMG level 100 ms prior to MEPs or silent period duration for
the VM and RF muscles. However, as argued by Sidhu et al.
(2013), single-joint and locomotor exercises require separate
scrutiny. Indeed, homeostasis is disturbed to a greater extent
during locomotor exercises (elevated internal temperature or
increased breathing), and central pattern generator may be
involved (Forssberg et al., 1977).

Eccentric contractions can also be performed in the
form of locomotor exercises, which are increasingly used
in rehabilitation settings, thanks to their low energy cost.
Particularly, eccentric cycling (i.e., pedaling backward resisting
the torque of an engine) has been serving as an alternative
to conventional cycling rehabilitation among cardiorespiratory-
limited patients (Hoppeler, 2016). It has also been speculated
that eccentric locomotor exercises could be a substitute
to their concentric counterpart for neurorehabilitation (e.g.,
following a stroke; Clos et al., 2021). The rationale for this
conjecture is as follows: while conventional locomotor exercises

may trigger hemodynamic-related neuroplastic mechanisms
(Knaepen et al., 2010), eccentric locomotor exercises, by the
repeated intense activation of motor neural networks, may
promote neuroplasticity as well. Despite its proven and potential
benefits, the physiological responses to eccentric cycling remain
partly unclear. Particularly, how a prolonged eccentric locomotor
exercise, such as used in rehabilitation protocols challenges the
neural system remains unknown (Clos et al., 2019).

Although changes in corticospinal excitability have not been
assessed during a fatiguing eccentric locomotor exercise, authors
successfully applied TMS at a constant crank angle during arm
cycling (Zehr et al., 2007) or conventional lower-limb cycling
(Sidhu et al., 2012b; Weavil et al., 2015). Using this method,
Sidhu et al. (2012a) found the size of MEPs on the VL and
RF muscles to remain stable from the beginning to the end
of a 30-min fatiguing cycling bout (75% peak power output,
reached with an increment of 30 W/3 min). Nonetheless, the
authors proposed that the excitability of the corticospinal tract
(MEP amplitude, normalized to Myax amplitude) does not drop
throughout a fatiguing concentric cycling bout because of a rise in
muscle activation (EMG amplitude, normalized to maximal EMG
amplitude during a maximal voluntary isometric contraction).
Indeed, considering EMG level at the angle of stimulation (during
the pedaling cycles without TMS), the MEP amplitude/EMG
amplitude ratio was reduced. In addition, another study of Weavil
and colleagues (Weavil et al.,, 2016) supported this hypothesis
by showing an increased MEP size with increasing EMG, in the
absence of fatigue, but no increase in MEP for the same increase
in EMG in the presence of fatigue. However, the same team
(Sidhu et al., 2018) reported no change in VL MEP from before
to immediately after a ~9-min exhausting cycling bout (80%
peak power output, reached with an increment of 25 W/min),
assessed at the same EMG level. Since without EMG level rise,
corticospinal excitability was expected to decrease due to fatigue,
how muscle activation relates to corticospinal excitability in the
presence of fatigue remains unclear.

As mentioned earlier, corticospinal excitability during a
fatiguing eccentric cycling bout has not yet been described.
The goal of the present study was thus to evaluate changes in
corticospinal excitability and associated parameters (i.e., silent
period duration, background EMG level) from the onset to
the end of strenuous eccentric and concentric cycling bouts
performed at the same power output. Here, we use the term
“strenuous” to avoid confusion as the term “fatigue” is frequently
used to indicate a decrease in maximal voluntary isometric force,
which we did not measure in the current work. We hypothesized
that MEP amplitude (% Mpax) would not be altered during
either exercise, yet background EMG (% Mpax) would increase
more during eccentric cycling, as recently found for the vastus
lateralis muscle in an identical protocol (Clos et al., 2022).

MATERIALS AND METHODS

Participants
Thirteen men (29 £ 8 years old, 1.78 = 0.05 m, 68.2 £ 7.4 kg)
participated in this study, which was conducted in accordance
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CON cycling

A Session 1

Incremental test

15 min ECC cycling
60% PPO

Warm-up Baseline M,,,,and MEP

5 min CON cycling
40% PPO ; 60 rpm

CON cycling
40% PPO; 60 rpm

Sessions 2 and 3

Fatiguing exercise

W &

30 min CON cycling or ECC cycling
60% PPO ; 60 rpm
25" min
1 1

FIGURE 1 | Overview of the experimental protocol. In (A), a first session served to determine peak power output (PPO, W) during a concentric (CON) incremental
cycling test before familiarizing participants with eccentric cycling (ECC). During the experimental sessions (2 and 3), maximal muscle action potential (Myax) and
motor-evoked potential (MEP) were obtained using electrical stimulation of the femoral nerve and transcranial magnetic stimulation (TMS), respectively. Baseline
measurements lasted about 10 min. Myax (plain arrows) and MEP (dashed arrows), were also measured at the 3rd and 25th min of the strenuous exercises. Heart
rate and effort perception were assessed at the same time points. rpm: rotations per minute. The experimental set-up is illustrated in (B), with electromyographic
electrodes on the vastus lateralis muscle (as well as the rectus femoris and vastus medialis, not represented in the figure) and reflective markers positioned directly
on the skin on anatomical points chosen to calculate knee flexion angle. PNS: Peripheral nervous stimulation.

with the declaration of The World Medical Association
[WMA] (n.d.). All participants gave a written informed
consent. The study was approved by the French ethics
committee (CPP EST I) and was registered on ClinicalTrials.gov
(Identifier: NCT03280875).

Study Design

Figure 1 offers an overview of the experimental protocol. The
participants came to the laboratory three times with 7-14 days
of interval between each visit. On the first day, they completed
an incremental concentric test to obtain their peak power
output (PPO, W), followed by 15 min of eccentric cycling at
60% PPO (familiarization bout). Femoral nerve and transcranial
stimulations were delivered while pedaling to further accustom
the participants to the experimental procedures. In the next two
sessions, completed in a random and counterbalanced order,
stimulation intensities were set during concentric cycling at

40% PPO after a 5-min warm-up at the same intensity. Then,
the participants pedaled for 30 min in either concentric or
eccentric modalities at 60% PPO (described under “exercises”),
an intensity and a duration found to induce similar knee
extensor maximal voluntary isometric force loss in individuals
familiar with eccentric cycling (Penailillo et al, 2015; Clos
et al.,, 2022). Motor nerve as well as TMS were delivered at
a constant crank angle at the onset (after 3 min) and end of
the exercise (after 25 min) —described under “electrical and
magnetic stimulations.”

Exercises

Two semi-recumbent cycle ergometers were used for concentric
(Ergoline GmbH, Ergoselect 600, Bitz, Germany) and eccentric
(Cyclus 2, Cyclus GmbH, Leipzig, Germany) cycling. Right knee
flexion angle was measured using high-speed cameras (Vicon
Motion Systems Ltd., England) at a 0°crank angle (upper vertical
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position) on each bicycle, and the seat distance and incline were
adjusted so that there was fewer than 10° of difference in knee
flexion angle between the two ergometers. The devices were set on
isopower mode, adjusting the torque based on pedaling velocity.
During the first visit, the incremental test started at 50 W with an
increment of 1 W every 3 s and was performed at a free cadence.
The two next sessions started with a 5-min warm-up and baseline
measurements (10 min of total duration with about 6 min of
pedaling and 4 min of rest between stimulation sets), both at 40%
PPO—low intensity chosen to avoid the occurrence of fatigue
prior to the 30-min exercises. Then participants performed the
concentric and eccentric cycling exercises at 60% PPO. Pedaling
cadence was visible to participants and they were instructed and
frequently reminded to pedal at a rate of 60 £ 3 rpm. Indeed, as
evidenced during concentric arm cycling, pedaling intensity and
cadence both affected corticospinal excitability (Lockyer et al.,
2018) and were thus critical to match between the two exercises.

Electromyography and Kinematics

Bipolar wireless EMG units (Pico Cometa, Biometrics, France)
were placed on Ag/AgCl electrodes (recording over 10 mm;
center-to-center distance of 15 mm). The signal was obtained
at a frequency of 1,800 Hz, amplified 200 times, stored for
offline analysis and then band-pass filtered between 30 and
300 Hz. The skin of the participants was shaved and cleaned
with alcohol swabs, and electrodes were positioned on the belly
of the vastus lateralis (VL) and vastus medialis (VM) muscles
and on the distal portion of the rectus femoris (RF) muscle,
following the recommendations of Barbero et al. (2012). At the
beginning of every session, electrodes were carefully replaced
using anatomical landmarks.

The right knee flexion angle was instantaneously computed
using 5 high-speed infrared cameras (300 Hz; Vicon Vero,
Vicon Motion Systems Ltd., England) based on 4 reflective
markers placed on the following anatomical locations: the great
trochanter, the lateral tibial epicondyle, the thigh—10 cm distal
from the great trochanter and the lateral malleoli.

Heart Rate and Perception of Effort

Heart rate was obtained using a chest-belt monitor (model
V800, Polar Electro Oy, Kempele, Finland) and written down
by the experimenter at 3 and 25 min of exercise. At the same
moments, participants reported their perception of effort (i.e.,
their difficulty to breathe and to drive their legs to pedal
(Halperin and Emanuel, 2019), using Borg’s CR100 scale (Borg,
2007). Memory anchoring was performed with a rating of 100
on the CR100 scale, corresponding to the most intense effort
participants had experienced running or pedaling.

Electrical and Magnetic Stimulations

During pilot tests (n = 8), we used Nexus software 10.0
(Vicon Motion Systems Ltd., England) to apply femoral nerve
stimulations at 4 knee flexion angles while participants were
pedaling, corresponding to 4 crank angles at rest (0°, upper
vertical position; 90° horizontal and forward; 180°, lower
vertical; and 270°, horizontal and backward). We found that
the 0°crank position was the only one allowing stimulations

to fall within the EMG burst for all participants in both
pedaling modalities. This crank position also allowed a very
close knee flexion angle in both cycling modalities (concentric:
87.5 £ 4.7° vs. eccentric 88.5 + 4.8°), which is critical given
that knee flexion angle is known to influence corticospinal
excitability (Doguet et al., 2017). Consequently, all stimulations
during the cycling exercises were delivered at a crank angle of
0° (Figure 2). Electrical stimulations were administered using
a constant-current stimulator (Digitimer DS7, Hertfordshire,
United Kingdom). The device was connected to a circular
cathode (3 cm in diameter) positioned upon the femoral nerve
and to a rectangular anode (8 x 4 cm) in the gluteus fossae. TMS
(Magstim, Whitland, Dyfed, United Kingdom) was applied to the
motor cortex area contralateral to the right knee extensors, using
a double-coned coil and a posterior-to-anterior current flow
direction. The optimal coil position (“hotspot”) was determined
by delivering 5 stimulations in different positions and observing
which gave the highest average peak-to-peak MEP amplitude
(Garnier et al.,, 2017).

Femoral nerve electrical stimulations intensity (0.2 ms, 400 V,
343.8 £ 80.1 mA) was increased until the EMG response of
all muscles plateaued (Mpax) and then increased again by
20%. TMS intensity was set to obtain MEPs that were clearly
distinguishable from background EMG and above 25% Myax
for the VL muscle. Intensities were very close between the
two sessions (50 £ 6.6 and 49.9 + 6.3% maximal stimulator
output). Four participants did not tolerate strong TMS and the
stimulations were delivered at the highest bearable intensity. Sets
of 4 femoral nerve stimulations and 15 TMS (from 5 to 10 s
between pulses) were then delivered during leg cycling when the
leg passed the 0°crank position to determine baseline muscle and
corticospinal excitability (40% PPO—to make sure stimulations
led to similar responses between the two sessions), as well as after
3 min and 25 min within each exercise condition (60% PPO).

Data Analyses

Heart rate was expressed as a percentage of the peak value
reached during the incremental test. Of the four peripheral
nerve stimulations delivered at each time-point, the two giving
the greatest peak-to-peak amplitude (Besomi et al., 2020) on
the VL muscle were kept and averaged (Mpax). The EMG
root mean square (RMS) was calculated 100 ms prior to each
TMS stimulation artifact for all muscles. MEP amplitude and
EMG RMS (n = 13) were both expressed as a percentage
of Mpmax at the same time point in order to take muscle
excitability into account. Thus, the EMG level (% Mwmax)
offered an estimation of neural drive (i.e., motoneuronal output;
McManus et al., 2021). Silent period duration was measured
manually from TMS stimulation artifact to EMG resumption in
participants showing a clear EMG resumption (n = 10), using
the criteria depicted by Damron et al. (2008). Among these
participants, silent period durations with unclear limits were
not measured. For MEP amplitude and silent period duration,
data that were more than 2.5 standard deviations above or
below the mean value were removed (8.9% of data). After
this sorting, 13.3 = 1.3 MEP amplitude and 12.1 £ 1.9 silent
period duration values per stimulation set and per muscle (VL
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FIGURE 2 | Knee flexion angle and neural drive across a pedaling cycle. (A,B) lllustrate knee flexion angle during concentric (CON) and eccentric (ECC) cycling,
respectively. (C) (CON) and (D) (ECC) show vastus lateralis muscle EMG RMS and (E) (CON) and (F) (ECC) represent rectus femoris muscle EMG RMS. All data
were obtained at the onset of the strenuous exercises, normalized to the amplitude of the maximal muscle compound (Myax) and are represented as
mean =+ standard error. Downward arrows indicate the moment of peripheral and transcranial stimulations.

and RF) remained. MEP amplitude/EMG RMS (MEP/EMG)
ratios and relative silent period (SP/MEP, ms/mV; Orth and
Rothwell, 2004) were calculated based on the average within
each individual.

Statistical Analyses
Analyzes were carried out on Jamovi (version 1.6.23).
Distribution normality was assessed with Shapiro-Wilk test.

Ljamovi.org

Baseline Mpax and MEP were compared with Students
t-tests, and two-way repeated measure ANOVAs (TIME—start,
end—CONDITION—concentric, eccentric) were used for
normal data collected during the exercises (heart rate, effort
perception, Mpax, MEP, SP, SP/MEP). ANOVA P-values
were adjusted for sphericity with Greenhouse-Geisser method.
Tukey HSD post-hoc tests were applied in case of a significant
main effect (P < 0.05). RF and VL background EMG, as well
as MEP/EMG ratios, were treated with Friedman ANOVAs
and followed-up by Durbin-Conover pairwise comparisons
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if significance was reached. P-values were corrected using
Holm-Bonferroni method. Pearson correlation coefficient served
to assess the repeatability of Mpyax (mV) and MEP (% Mmax)
amplitudes between the baseline concentric bout of each session.
Partial eta squared and Cohen’s dz (Cohen, 2013) provided
an estimation of effect sizes for ANOVA main effects and
follow-up tests, respectively (0.2 < small effect < 0.5 < medium
effect < 0.8 < large effect).

RESULTS

All results are expressed as mean = standard deviation in the text
and the table. The results of the VM muscle were similar to those
of the VL muscle and can be found in supplementary material,
along with full ANOVA results at the following doi: 10.6084/m9.
figshare.16639396.

Baseline Parameters

The mean concentric peak power output was 293.5 + 54.2 W
(4.3 £ 0.7 W/kg), with a maximal heart rate of 181.6 £ 6.3 bpm
and a perception of effort of 95.3 £ 6.5 a.u. Table 1 shows the
mean Mpyax and MEP values for the VL and RF muscles during
concentric cycling prior to each strenuous bout.

Exercise Description
Figure 2 shows knee flexion angle, VL and RF EMG level across
a concentric and eccentric pedaling cycle at the onset of exercise.
Average heart rate was greater during concentric compared
with eccentric cycling (82 % 8.4 vs. 54.4 & 8.7% maximal heart
rate; P < 0.001; 17 = 0.84) and increased with TIME (from
63.5 &+ 14.5% to 73.8 £ 16.5% maximal heart rate; P < 0.001;
TI;% = 0.83) but showed no interaction effect (P = 0.08; né =0.12).

TABLE 1 | Muscle and corticospinal excitability per session prior to
the 30-min bouts.

Mumax (mV) MEP (% Mpax)
VL RF VL RF
Concentric session 129+ 0.6 1.04+04 31.8+13.6 25+ 14.3
Eccentric session 142 £0.7 1.06 £ 0.4 30.5 £ 161 254 +12.6
P-value 0.56 0.9 0.62 0.89
Pearson’s r 0.26 0.39 0.78 0.63

Maximal muscle compound (Myax) and motor-evoked potential (MIEP) of the
vastus lateralis (VL) and rectus femoris (RF) muscles during concentric cycling at
40% peak power output, prior to the strenuous exercises. Of note, the small wave
amplitudes are due to the unusually low electrode gain of 200.

Perception of effort showed an interaction effect (P = 0.021;
Tl; = 0.83). It went from 31.3 + 11.7 to 62.8 + 20.1 a.u.
(P < 0.001; dz = 1.36) during the concentric session and from
13.7 & 8.2 to 28.7 & 9.9 a.u. (P < 0.001; dz = 1.55) during the
eccentric session.

Changes in Muscle and Corticospinal

Excitability During the Exercises

Figure 3 displays raw Myax and MEP recorded on the VL
muscle. Neither RF (0.96 &= 0.4 mV) nor VL (1.4 &+ 0.6 mV)
Mpmax amplitude was affected by TIME or CONDITION (all
P > 0.38; all nf) < 0.02). MEP amplitude (Figure 4) was greater
during concentric compared with eccentric cycling for the VL
(P=0.008; 1, = 0.27) but not the RF muscle (P = 0.051; n, = 0.15).
Neither RF nor VL MEP amplitude changed with TIME (all
P > 0.23; all nf) < 0.06). RF EMG RMS prior to MEP was not
significantly altered by exercise modality or from the onset to the
end of exercise (Friedman’s P = 0.073). VL EMG RMS prior to

CON

Mmax

M

0.5 mVv

100 ms

MEP

.‘,MW

FIGURE 3 | Raw traces of the response to femoral nerve and transcranial stimulations for the vastus lateralis muscle. The figure shows motor-evoked potential
(MEP) and maximal M-waves (Miyax) during concentric (CON) and eccentric (ECC) cycling of a representative participant.

ECC

W”WV\(L*”“””’“
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TABLE 2 | Corticospinal excitability normalized to neural drive.
Vastus lateralis Rectus femoris
MEP/EMG ratio Start of exercise End of exercise
A 87 B 84
Muscle VL RF VL RF
3 6 3 6 : :
= * = Concentric exercise 54+19 9.1 +6.1 59+ 36 7.4 +39
251 4- Ea I Eccentric exercise 8.5+ 5.1 106 +5 6.2+27 5+1.8
g g % The table shows the MEP/EMG ratio (a.u.) of the vastus lateralis (VL) and rectus
w 24 w 24 3 femoris (RF) muscles at the onset (3rd min) and end (25th min) of the strenuous
concentric and eccentric cycling exercises.
0- 0 T T
CON ECC CON ECC
DISCUSSION
C 50+ D 50+ The aim of this study was to assess corticospinal excitability to
= the vastus lateralis (VL) and rectus femoris (RF) muscles during
3 407 ** 3 407 0.051 a 30-min strenuous concentric or eccentric cycling bout at the
< 30- < 30- same power output. As expected, corticospinal excitability (i.e.,
S '% S MEP amplitude) remained stable during both exercises and for
g 209 a. 209 both muscles. Contrary to our hypothesis, the amount of neural
= 10 > = 10 drive (estimated by EMG level normalized to Myax amplitude)
prior to MEPs remained unchanged as well. VL MEP amplitude
0 T T 0- was lower during eccentric than concentric cycling while RF
CON  ECC CON  EcC MEP was not different. The MEP/EMG ratio was similar between
exercise modalities and remained unchanged. Finally, while the
E 150- * F 210+ . duration of the silent period following MEPs was unaffected by
- - exercise modality or from the onset to the end of the exercise,
T T the SP/MEP ratio was higher during eccentric cycling, showing a
[ 100 2 1407 longer inhibition relative to corticospinal excitability.
g 504 Z g ;0 Methodological Considerations
E 2 % In this study, we did not measure the change in maximal
voluntary isometric contraction force, which is the most
0 CON  EcC 0- CON  Ecc commonly used marker of pel.rformance fatigabilit).f (l?noka and
Duchateau, 2016), assuming it should decrease similarly after
FIGURE 4 | Corticospinal excitability and relative silent period. For each both exercises, such as previously reported by similar (Pefiailillo
session (concentric—CON—or eccentric—ECC—cycling), this figure et al., 2015) or identical protocols (Clos et al., 2022), as long
illustrates the average (mean of data from the onset and end of exercise) as participants were familiar with eccentric cycling (Pefiailillo
background EMG (A,B), moltor-evolfed poter‘f[ial (MEP) amplituqe (C,D) and et al., 2013). In fact, the aim of the study was not to probe
the average ratio between silent period duration and MEP amplitude . . . . . .
(SP/MEP) (E,F) for the vastus lateralis and rectus femoris muscles. *Indicates neural modulations durlng the Cychng exercises in relation
a difference between CON and ECC: one sign means P < 0.05: ** means with post-exercise isometric single-joint force decrease, but to
P <0.01. assess the neural control of strenuous cycling exercises, per

MEP was greater during concentric than eccentric cycling (all
P < 0.01; all dz > 1.3) but unaltered at the end of exercise (all
P> 0.34;alldz < 0.2).

Neither the RF (Friedman’s P = 0.5) nor the VL (Friedman’s
P = 0.24) MEP/EMG ratio was influenced by TIME or exercise
modality (Table 2). RF (120 £ 30 ms) and VL (114 £ 27 ms)
silent period duration did not differ between the onset and the
end of exercise (all P > 0.38; all nf, < 0.04) or between cycling
modalities (all P > 0.61; all nz < 0.01). The amount of relative
silent period (SP/MEP ratio; Figure 4) was greater for eccentric
than concentric cycling for both muscles (all P < 0.033; all
nf, > 0.24) but remained stable across TIME (all P > 0.02; all

nf, < 0.09).

se. Since a stable power output induced a large increases in
heart rate and effort perception during both exercise modalities,
the exercises used in this study can be regarded as fatiguing
(Enoka and Duchateau, 2016). However, as mentioned in the
introduction, we use the term “strenuous” instead of “fatiguing”
in the current article.

The data analysis procedure used in this study slightly
differs from that used in previous investigations of corticospinal
excitability during conventional leg cycling (Sidhu et al., 2012a;
Weavil et al., 2016). Notably, although previous studies expressed
EMG amplitude (i.e., muscle activation) as a percentage of
the value during a maximal isometric contraction performed
before the exercise (i.e., in the absence of fatigue), we opted for
normalizing EMG amplitude to Myax amplitude at the same
crank position. Despite different levels of amplitude cancelation
between voluntary and evoked EMG signals (Besomi et al., 2020),
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taking muscle excitability changes into account allowed us to
estimate neural drive (Duclay et al, 2014). Unlike previous
studies on lower-limb cycling (Sidhu et al, 2012a), which
considered the average EMG level in the absence of stimulations,
we measured EMG level 100 ms prior to each transcranial
stimulation artifact. While we consider both approaches to be
valid (Lockyer et al., 2021), our choice of measuring the EMG
before each stimulation was made because the size of each MEP
should be influenced by the current neural drive, that is by EMG
amplitude at the very moment of stimulation. Regardless, it must
be noted that both analyses resulted in the same effects (or lack
thereof) of exercise modality and TIME on background EMG
amplitude and the MEP/EMG ratios.

Corticospinal Excitability and Silent

Period

Corticospinal excitability was higher during concentric than
eccentric cycling for the VL muscle but not significantly different
for the RF muscle (P = 0.051). Since for a given exercise modality,
MEP amplitude is correlated with EMG amplitude (McNeil et al.,
2011; Weavil et al.,, 2016), we calculated the MEP/EMG ratio.
For the VL muscle, we found higher background EMG during
concentric than eccentric cycling, but a similar MEP/EMG ratio.
For the RF muscle, neither background EMG nor the MEP/EMG
ratio were different between the two exercise modalities. These
results suggest that corticospinal excitability (greater during
concentric than eccentric cycling for the VL muscle and non-
significantly different for the RF muscle) is related to neural drive
level, regardless of exercise modality.

In single-joint settings, Garnier et al. (2018) found no
difference in VM muscle activation (percentage of value during
a maximal voluntary contraction) between contraction types,
accompanied by no difference in corticospinal excitability. On
the other hand, corticospinal excitability to the RF muscle
and its activation were higher during concentric than eccentric
leg extensions. Altogether, corticospinal excitability to the knee
extensor muscles does not seem to depend upon contraction
type or on whether the exercise mobilizes a single-joint or is
locomotor, but to be determined by muscle activation level.
The latter, however, varies according to exercise type and load
(Alkner et al., 2000).

The facts that neither corticospinal excitability nor
background EMG was affected at the end of the exercises
partly contrast with the results of Sidhu et al. (2012a). The
authors had participants perform 30 min of concentric cycling
at an intensity similar to that used in the present study and
found a decrease in the MEP/EMG ratio from the onset to the
end of the exercise. This discrepancy may be related to the use
of different cycling positions (i.e., upright vs. semi-recumbent)
and/or pedaling cadences (80 rpm vs. 60 rpm). Together with
findings from single-joint contractions (Garnier et al., 2018),
our results indicate that corticospinal excitability to the knee
extensor muscles remains stable during a strenuous dynamic
exercise regardless of contraction type.

Similarly, the duration of the silent period, reflecting the
duration of inhibitory processes along the corticospinal pathway

(Skarabot et al.,, 2019), was stable and unaffected by exercise
modality. While the relative silent period (Orth and Rothwell,
2004) was also unaltered at the end of the exercises, it
lasted longer during eccentric than concentric cycling. In other
words, a given excitability of the corticospinal pathway to the
knee extensor muscles was accompanied by more pronounced
inhibitory processes during eccentric compared with concentric
cycling. This result diverges from single-joint knee extensions,
where no difference was found between contraction types
(Garnier et al., 2018), but is in accordance with most single-joint
studies, showing a specific activation strategy during eccentric
contractions (Duchateau and Enoka, 2016).

Limitations

While normalizing EMG level to Myax amplitude allows to
rule out the influence of muscle excitability on comparisons
within cycling bouts and between modalities, it does not provide
information upon the amount of muscle recruited relative to the
voluntary maximum. The exercise intensity we chose was close to
the one used by Penailillo et al. (2017), who reported VL and RF
muscle EMG to peak around 15% of the maximal voluntary EMG
(obtained during an isometric contraction) during eccentric
cycling. As for concentric cycling, the authors found VL muscle
EMG to peak close to 35% and RF muscle EMG to peak at about
25% of maximal voluntary EMG.

In addition, MEP amplitude is known to augment with
increasing contraction intensity (Sidhu et al., 2009) while silent
period duration tends to decrease or remain stable (Skarabot
et al., 2019). As a result, for the VL muscle the greater relative
silent period during eccentric than concentric cycling may be due
by the difference in muscle activation. Therefore, the use of a
single power output level does not allow to conclude on a specific
neural control of eccentric compared with concentric cycling.

Perspectives

Thus far, the effects of exercise-induced fatigue on the neural
control of an eccentric locomotor exercise remain elusive.
Motoneuronal excitability, which seems to be lower during
single-joint eccentric than concentric contractions at the same
torque level (Grosprétre et al., 2019), should also be assessed
(by pyramidal tract stimulation) during fatiguing/strenuous
eccentric cycling. Future research should also probe the
mechanisms responsible for the more pronounced relative
silent period during eccentric cycling. This may require
the use of pyramidal tract stimulations within the silent
period, such as implemented during conventional cycling by
Sidhu et al. (2018).

CONCLUSION

This study is the first to assess corticospinal excitability during
a locomotor eccentric exercise. The results indicate lower
corticospinal excitability and a longer silent period—relative
to corticospinal excitability—during eccentric than concentric
cycling at the same power output. However, these parameters
seem to depend upon neural drive level, lower during eccentric
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cycling, rather than upon exercise modality in itself. None of
these parameters were modulated from the onset to the end
of the strenuous exercises. Future studies should investigate
more precisely the mechanisms underlying the excitability of
the corticospinal pathway at different levels (i.e., spinal vs.
cortical) and whether these are modulated when performing a
fatiguing exercise.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Centre Hospitalier Universitaire Dijon. The

REFERENCES

Abbott, B. C., Bigland, B., and Ritchie, J. M. (1952). The physiological cost of
negative work. J. Physiol. 117, 380-390. doi: 10.1113/jphysiol.1952.sp004755
Alkner, B. A., Tesch, P. A, and Berg, H. E. (2000). Quadriceps EMG/force
relationship in knee extension and leg press. Med. Sci. Sports Exerc. 32, 459-463.

doi: 10.1097/00005768-200002000-00030

Barbero, M., Merletti, R., and Rainoldi, A. (2012). Atlas of Muscle Innervation
Zones: Understanding Surface Electromyography and Its Applications. New York:
Springer Science & Business Media.

Besomi, M., Hodges, P. W., Clancy, E. A., Van Dieén, J., Hug, F., Lowery, M.,
et al. (2020). Consensus for experimental design in electromyography (CEDE)
project: amplitude normalization matrix. J. Electromyogr. Kinesiol. 53:102438.
doi: 10.1016/j.jelekin.2020.102438

Bigland-Ritchie, B., and Woods, J. J. (1976). Integrated electromyogram and
oxygen uptake during positive and negative work. J. Physiol. 260, 267-277.
doi: 10.1113/jphysiol.1976.sp011515

Borg, E. (2007). On Perceived Exertion and its Measurement. Available online
at: http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-6862 (accessed on Nov 28,
2019).

Borot, L., Vergotte, G., and Perrey, S. (2018). Different Hemodynamic Responses
of the Primary Motor Cortex Accompanying Eccentric and Concentric
Movements: a Functional NIRS Study. Brain Sci. 8:75. doi: 10.3390/
brainsci8050075

Clos, P., Laroche, D., Stapley, P. J., and Lepers, R. (2019). Neuromuscular and
Perceptual Responses to Sub-Maximal Eccentric Cycling. Front. Physiol. 10:354.
doi: 10.3389/fphys.2019.00354

Clos, P., Lepers, R., and Garnier, Y. M. (2021). Locomotor activities as a
way of inducing neuroplasticity: insights from conventional approaches and
perspectives on eccentric exercises. Eur. J. Appl. Physiol. 121, 697-706. doi:
10.1007/s00421-020-04575-3

Clos, P., Mater, A., Laroche, D., and Lepers, R. (2022). Concentric versus eccentric
cycling at equal power output or effort perception: neuromuscular alterations
and muscle pain. Scand. J. Med. Sci. Sports 32, 45-59. doi: 10.1111/sms.14053

Cobhen, J. (2013). Statistical Power Analysis for the Behavioral Sciences. New York:
Routledge, doi: 10.4324/9780203771587

Damron, L. A., Dearth, D. ., Hoffman, R. L., and Clark, B. C. (2008). Quantification
of the corticospinal silent period evoked via transcranial magnetic stimulation.
J. Neurosci. Meth. 173, 121-128. doi: 10.1016/j.jneumeth.2008.06.001

Doguet, V., Nosaka, K., Guével, A., Thickbroom, G., Ishimura, K., and Jubeau,
M. (2017). Muscle length effect on corticospinal excitability during maximal
concentric, isometric and eccentric contractions of the knee extensors. Exp.
Physiol. 102, 1513-1523. doi: 10.1113/EP086480

patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

PC, RL, and AIM thought the experimental protocol and
commented on the manuscript. PC, AdM, and HL collected
the data. YB and GP fixed technical set-up issues. GP designed
the initial script for data analysis. PC analyzed the data and
drafted the manuscript. All authors approved the final version
of the manuscript.

FUNDING

This research work was supported by the French National
Research Agency (EXOMODE—ANR-15-CE19-0023-01) and
the Région Bourgogne Franche-Comté (2018-BFCO-SR-P51).

Duchateau, J., and Enoka, R. M. (2016). Neural control of lengthening contractions.
J. Exp. Biol. 219, 197-204. doi: 10.1242/jeb.123158

Duclay, J., Pasquet, B., Martin, A., and Duchateau, J. (2011). Specific modulation
of corticospinal and spinal excitabilities during maximal voluntary isometric,
shortening and lengthening contractions in synergist muscles. J. Physiol. 589,
2901-2916. doi: 10.1113/jphysiol.2011.207472

Duclay, J., Pasquet, B., Martin, A., and Duchateau, J. (2014). Specific modulation of
spinal and cortical excitabilities during lengthening and shortening submaximal
and maximal contractions in plantar flexor muscles. J. Appl. Physiol. 117,
1440-1450. doi: 10.1152/japplphysiol.00489.2014

Enoka, R. M., and Duchateau, J. (2016). Translating fatigue to human performance.
Med. Sci. Sports Exerc. 48, 2228-2238. doi: 10.1249/MSS.0000000000000929

Fang, Y., Siemionow, V., Sahgal, V., Xiong, F., and Yue, G. H. (2001). Greater
movement-related cortical potential during human eccentric versus concentric
muscle contractions. J. Neurophysiol. 86, 1764-1772. doi: 10.1152/jn.2001.86.4.
1764

Forssberg, H., Grillner, S., and Rossignol, S. (1977). Phasic gain control of reflexes
from the dorsum of the paw during spinal locomotion. Brain Res. 132, 121-139.
doi: 10.1016/0006-8993(77)90710-7

Garnier, Y. M., Lepers, R, Stapley, P. J., Papaxanthis, C., and Paizis, C.
(2017). Changes in cortico-spinal excitability following uphill versus downhill
treadmill exercise. Behav. Brain Res. 317, 242-250. doi: 10.1016/j.bbr.2016.09.
051

Garnier, Y. M., Paizis, C., and Lepers, R. (2018). Corticospinal changes induced
by fatiguing eccentric versus concentric exercise. Eur. J. Sport Sci. 19, 166-176.
doi: 10.1080/17461391.2018.1497090

Grosprétre, S., Papaxanthis, C., and Martin, A. (2019). Corticospinal modulations
during motor imagery of concentric, eccentric, and isometric actions. Med. Sci.
Sports Exerc. 52, 1031-1040. doi: 10.1249/MSS.0000000000002218

Halperin, I, and Emanuel, A. (2019). Rating of Perceived Effort: methodological
Concerns and Future Directions. Sports Med. 50, 679-687. doi: 10.1007/s40279-
019-01229-z

Herzog, W. (2018). Why are muscles strong, and why do they require little energy
in eccentric action? J. Sport Health Sci. 7, 255-264. doi: 10.1016/j.jshs.2018.05.
005

Hoppeler, H. (2016). Moderate Load Eccentric Exercise; A Distinct Novel Training
Modality. Front. Physiol. 7:483. doi: 10.3389/fphys.2016.00483

Knaepen, K., Goekint, M., Heyman, E. M., and Meeusen, R. (2010). Neuroplasticity
- exercise-induced response of peripheral brain-derived neurotrophic factor: a
systematic review of experimental studies in human subjects. Sports Med. 40,
765-801. doi: 10.2165/11534530-000000000-00000

Lemon, R. N. (2008). Descending pathways in motor control. Annu. Rev. Neurosci.
31, 195-218. doi: 10.1146/annurev.neuro.31.060407.125547

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 854824


https://doi.org/10.1113/jphysiol.1952.sp004755
https://doi.org/10.1097/00005768-200002000-00030
https://doi.org/10.1016/j.jelekin.2020.102438
https://doi.org/10.1113/jphysiol.1976.sp011515
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-6862
https://doi.org/10.3390/brainsci8050075
https://doi.org/10.3390/brainsci8050075
https://doi.org/10.3389/fphys.2019.00354
https://doi.org/10.1007/s00421-020-04575-3
https://doi.org/10.1007/s00421-020-04575-3
https://doi.org/10.1111/sms.14053
https://doi.org/10.4324/9780203771587
https://doi.org/10.1016/j.jneumeth.2008.06.001
https://doi.org/10.1113/EP086480
https://doi.org/10.1242/jeb.123158
https://doi.org/10.1113/jphysiol.2011.207472
https://doi.org/10.1152/japplphysiol.00489.2014
https://doi.org/10.1249/MSS.0000000000000929
https://doi.org/10.1152/jn.2001.86.4.1764
https://doi.org/10.1152/jn.2001.86.4.1764
https://doi.org/10.1016/0006-8993(77)90710-7
https://doi.org/10.1016/j.bbr.2016.09.051
https://doi.org/10.1016/j.bbr.2016.09.051
https://doi.org/10.1080/17461391.2018.1497090
https://doi.org/10.1249/MSS.0000000000002218
https://doi.org/10.1007/s40279-019-01229-z
https://doi.org/10.1007/s40279-019-01229-z
https://doi.org/10.1016/j.jshs.2018.05.005
https://doi.org/10.1016/j.jshs.2018.05.005
https://doi.org/10.3389/fphys.2016.00483
https://doi.org/10.2165/11534530-000000000-00000
https://doi.org/10.1146/annurev.neuro.31.060407.125547
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Clos et al.

Corticospinal Excitability During Eccentric Cycling

Lockyer, E. J., Benson, R. J., Hynes, A. P., Alcock, L. R., Spence, A. J., Button,
D. C,, et al. (2018). Intensity matters: effects of cadence and power output on
corticospinal excitability during arm cycling are phase and muscle dependent.
J. Neurophysiol. 120, 2908-2921. doi: 10.1152/jn.00358.2018

Lockyer, E. J., Compton, C. T., Forman, D. A, Pearcey, G. E., Button, D. C,,
and Power, K. E. (2021). Moving forward: methodological considerations when
assessing corticospinal excitability during rhythmic motor output in humans.
J. Neurophysiol. 126, 181-194. doi: 10.1152/jn.00027.2021

McManus, L., Lowery, M., Merletti, R., Sogaard, K., Besomi, M., Clancy, E. A,
et al. (2021). Consensus for experimental design in electromyography (CEDE)
project: terminology matrix. J. Electromyogr. Kinesiol. 59:102565. doi: 10.1016/
j.jelekin.2021.102565

McNeil, C. J., Giesebrecht, S., Gandevia, S. C., and Taylor, J. L. (2011). Behaviour
of the motoneurone pool in a fatiguing submaximal contraction. J. Physiol. 589,
3533-3544. doi: 10.1113/jphysiol.2011.207191

Orth, M., and Rothwell, J. C. (2004). The cortical silent period: intrinsic variability
and relation to the waveform of the transcranial magnetic stimulation pulse.
Clin. Neurophysiol. 115, 1076-1082. doi: 10.1016/j.clinph.2003.12.025

Pefailillo, L., Blazevich, A., Numazawa, H., and Nosaka, K. (2013). Metabolic and
muscle damage profiles of concentric versus repeated eccentric cycling. Med.
Sci. Sports Exerc. 45, 1773-1781. doi: 10.1249/MSS.0b013e31828f8a73

Penailillo, L., Blazevich, A., Numazawa, H., and Nosaka, K. (2015). Rate of force
development as a measure of muscle damage. Scand. J. Med. Sci. Sports 25,
417-427. doi: 10.1111/sms.12241

Pefiailillo, L., Blazevich, A. J., and Nosaka, K. (2017). Factors contributing to
lower metabolic demand of eccentric compared with concentric cycling. J. Appl.
Physiol. 123, 884-893. doi: 10.1152/japplphysiol.00536.2016

Perrey, S. (2018). Brain activation associated with eccentric movement: a narrative
review of the literature. Eur. J. Sport Sci. 18, 75-82. doi: 10.1080/17461391.2017.
1391334

Sidhu, S. K., Bentley, D. J., and Carroll, T. J. (2009). Cortical voluntary activation of
the human knee extensors can be reliably estimated using transcranial magnetic
stimulation. Muscle Nerve 39, 186-196. doi: 10.1002/mus.21064

Sidhu, S. K., Hoffman, B. W., Cresswell, A. G., and Carroll, T. J. (2012b).
Corticospinal contributions to lower limb muscle activity during cycling in
humans. J. Neurophysiol. 107, 306-314. doi: 10.1152/jn.00212.2011

Sidhu, S. K., Cresswell, A. G., and Carroll, T. J. (2012a). Motor cortex excitability
does not increase during sustained cycling exercise to volitional exhaustion.
J. Appl. Physiol. 113, 401-409. doi: 10.1152/japplphysiol.00486.2012

Sidhu, S. K., Cresswell, A. G., and Carroll, T. J. (2013). Corticospinal responses
to sustained locomotor exercises: moving beyond single-joint studies of central
fatigue. Sports Med. 43, 437-449. doi: 10.1007/s40279-013-0020-6

Sidhu, S. K., Weavil, J. C., Thurston, T. S., Rosenberger, D., Jessop, J. E., Wang,
E., etal. (2018). Fatigue-related group III/IV muscle afferent feedback facilitates

intracortical inhibition during locomotor exercise. J. Physiol. 596, 4789-4801.
doi: 10.1113/JP276460

Skarabot, J., Mesquita, R. N. O., Brownstein, C. G., and Ansdell, P. (2019). Myths
and Methodologies: how loud is the story told by the transcranial magnetic
stimulation-evoked silent period? Exp. Physiol. 104, 635-642. doi: 10.1113/
EP087557

The World Medical Association [WMA] (n.d.). Declaration of Helsinki
2008. Available online at: https://www.wma.net/what-we-do/medical-ethics/
declaration-of-helsinki/doh-0ct2008/ (accessed February 22, 2022).

Weavil, J. C., Sidhu, S. K., Mangum, T. S., Richardson, R. S., and Amann,
M. (2015). Intensity-dependent alterations in the excitability of cortical and
spinal projections to the knee extensors during isometric and locomotor
exercise. Am. J. Physiol. 308, R998-R1007. doi: 10.1152/ajpregu.00021.
2015

Weavil, J. C., Sidhu, S. K., Mangum, T. S., Richardson, R. S., and Amann,
M. (2016). Fatigue diminishes motoneuronal excitability during cycling
exercise. J. Neurophysiol. 116, 1743-1751. doi:  10.1152/jn.00300.
2016

Yacyshyn, A. F., Woo, E. ], Price, M. C., and McNeil, C. J. (2016). Motoneuron
responsiveness to corticospinal tract stimulation during the silent period
induced by transcranial magnetic stimulation. Exp. Brain Res. 234, 3457-3463.
doi: 10.1007/500221-016-4742- 1

Zehr, E. P., Klimstra, M., Johnson, E. A, and Carroll, T. J. (2007). Rhythmic
leg cycling modulates forearm muscle H-reflex amplitude and corticospinal
tract excitability. Neurosci. Lett. 419, 10-14. doi: 10.1016/j.neulet.2007.
03.045

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Clos, Mater, Legrand, Poirier, Ballay, Martin and Lepers. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

10

March 2022 | Volume 13 | Article 854824


https://doi.org/10.1152/jn.00358.2018
https://doi.org/10.1152/jn.00027.2021
https://doi.org/10.1016/j.jelekin.2021.102565
https://doi.org/10.1016/j.jelekin.2021.102565
https://doi.org/10.1113/jphysiol.2011.207191
https://doi.org/10.1016/j.clinph.2003.12.025
https://doi.org/10.1249/MSS.0b013e31828f8a73
https://doi.org/10.1111/sms.12241
https://doi.org/10.1152/japplphysiol.00536.2016
https://doi.org/10.1080/17461391.2017.1391334
https://doi.org/10.1080/17461391.2017.1391334
https://doi.org/10.1002/mus.21064
https://doi.org/10.1152/jn.00212.2011
https://doi.org/10.1152/japplphysiol.00486.2012
https://doi.org/10.1007/s40279-013-0020-6
https://doi.org/10.1113/JP276460
https://doi.org/10.1113/EP087557
https://doi.org/10.1113/EP087557
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/doh-oct2008/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/doh-oct2008/
https://doi.org/10.1152/ajpregu.00021.2015
https://doi.org/10.1152/ajpregu.00021.2015
https://doi.org/10.1152/jn.00300.2016
https://doi.org/10.1152/jn.00300.2016
https://doi.org/10.1007/s00221-016-4742-1
https://doi.org/10.1016/j.neulet.2007.03.045
https://doi.org/10.1016/j.neulet.2007.03.045
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Corticospinal Excitability Is Lower During Eccentric Than Concentric Cycling in Men
	Introduction
	Materials and Methods
	Participants
	Study Design
	Exercises
	Electromyography and Kinematics
	Heart Rate and Perception of Effort
	Electrical and Magnetic Stimulations
	Data Analyses
	Statistical Analyses

	Results
	Baseline Parameters
	Exercise Description
	Changes in Muscle and Corticospinal Excitability During the Exercises

	Discussion
	Methodological Considerations
	Corticospinal Excitability and Silent Period
	Limitations
	Perspectives

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


