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Abstract
Locomotor exercise may induce corticospinal excitability and/or cortical inhibition change in the knee extensors. This 
study investigated whether the mode of muscle contraction involved during a locomotor exercise modulates corticospinal 
and intracortical responsiveness. Eleven subjects performed two 45-min treadmill walking exercises in an uphill (+ 15%) or 
a downhill (− 15%) condition matched for speed. Maximal voluntary isometric torque (MVIC), voluntary activation level 
(VAL), doublet (Dt) twitch torque, and M-wave area of the knee extensors were assessed before and after exercise. At the 
same time-points, motor-evoked potential (MEP), cortical silent period (CSP), and short-interval cortical inhibition (SICI) 
were recorded in the vastus lateralis (VL) and rectus femoris (RF) muscles. After exercise, uphill and downhill conditions 
induced a similar loss in MVIC torque (− 9%; p < 0.001), reduction in VAL (− 7%; p < 0.001), and in M-wave area in the VL 
muscle (− 8%; p < 0.001). Dt twitch torque decreased only after the downhill exercise (− 11%; p < 0.001). MEP area of the 
VL muscle increased after the downhill condition (p = 0.007), with no change after the uphill condition. MEP area of the RF 
muscle remained stable after exercises. CSP and SICI did not change in the two conditions for both muscles. Downhill walk-
ing induces an increase in MEP area of the VL muscle, with no change of the CSP duration or SICI ratio. The eccentric mode 
of muscle contraction during a locomotor exercise can modulate specifically corticospinal excitability in the knee extensors.
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Introduction

Aerobic exercise represents a potent strategy to induce neu-
roplastic changes in a non-exercised muscle (e.g., McDon-
nell et al. 2013; Singh et al. 2014b; Garnier et al. 2017). As 
a surrogate of neuroplasticity, amplitude of motor-evoked 
potential (MEP) evoked by single-pulse transcranial mag-
netic stimulation (TMS) tested the excitability of the cor-
ticospinal pathway (Davranche et al. 2015). Locomotor 
exercise of moderate intensity (60–70% maximal heart rate) 
induced neuroplastic changes that are not restricted to exer-
cised muscles, and can increase corticospinal excitability 

of non-exercised muscle (McDonnell et al. 2013; Garnier 
et al. 2017). These increases in non-exercised muscles could 
be due in part to an increase in blood neurotrophins or hor-
mone concentration during exercise that may favour synap-
tic plasticity (Rojas Vega et al. 2006). Exercise could also 
change cortico-cortical functional connectivity between the 
primary motor area and the supplementary motor cortex area 
or premotor areas reducing, thus, cortical inhibition (Byblow 
et al. 2007). In addition, locomotor exercise can modulate 
the responsiveness to non-invasive brain stimulation proto-
col applied after exercise. For instance, locomotor exercise 
can either facilitate the response of a stimulation protocol 
aiming to increase corticospinal excitability (Singh et al. 
2014b; Garnier et al. 2017), or reverse the effect of a proto-
col aiming to depress corticospinal excitability (McDonnell 
et al. 2013) of a non-exercised hand muscle. Interestingly, 
exercise-induced corticospinal changes may depend upon 
exercise intensity (McDonnell et al. 2013) and exercise 
modality (e.g., uphill versus downhill treadmill exercise) 
(Garnier et al. 2017).
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The effect of a single bout of aerobic exercise on a sub-
sequent stimulation protocol is believed to depend upon 
the principle of metaplasticity whereby the excitability of 
a synaptic network conditioned the responsiveness to a 
subsequent protocol (Abraham and Bear 1996). Downhill 
treadmill exercise differed from uphill one by the different 
knee extensors modes of muscle contraction involved dur-
ing exercise. Indeed, while knee extensors would predomi-
nantly act under an eccentric mode during downhill, uphill 
locomotion would mainly involve these muscles under a 
concentric mode (Abe et al. 2011). From a neural point of 
view, downhill exercise is characterized by greater cortical 
activities from the sensorimotor and supplementary motor 
areas compared to uphill exercise (Mazerie et al. 2012). 
This increased activity may result from the greater control 
required for eccentric contraction (Fang et al. 2004), or the 
processing of a greater amount of sensory afferent feedback 
from muscles conveyed to the brain during eccentric con-
traction (Fang et al. 2001). The paired-pulse TMS technique 
called short-interval cortical inhibition (SICI), providing 
insights about intracortical inhibition and more precisely the 
GABAA-ergic inhibition (McDonnell et al. 2006), is of inter-
est to examine whether intracortical mechanisms could be 
modulated following locomotor exercise. For instance, using 
this technique, Singh and colleagues showed that cycling 
exercise modulated the balance between cortical facilitation 
and inhibition in a non-exercised hand muscle, in favour of 
a weaker inhibition (Singh et al. 2014a).

Corticospinal excitability change induced by locomotor 
exercise has been conducted also on exercised muscles. Par-
ticularly, changes occurring in the knee extensors have been 
investigated following cycling (Goodall et al. 2012; Fernan-
dez-del-Olmo et al. 2013; Girard et al. 2013; Jubeau et al. 
2014; O’Leary et al. 2015) and running protocols (Temesi 
et al. 2014). After exercise, corticospinal excitability of the 
knee extensors was increased (Fernandez-del-Olmo et al. 
2013; Jubeau et al. 2014; Temesi et al. 2014) or unchanged 
(Goodall et al. 2012; Girard et al. 2013; O’Leary et al. 2015) 
when tested in active muscle. Consistently, severe-intensity 
exercise changed intracortical inhibition in the knee exten-
sors, reducing the cortical silent period while increasing 
SICI (O’Leary et al. 2015), while moderate-intensity exer-
cises induced no changes (Goodall et al. 2012; Fernandez-
del-Olmo et al. 2013; Girard et al. 2013; Jubeau et al. 2014; 
Temesi et al. 2014; O’Leary et al. 2015). However, if the 
mode of muscle contraction modulates corticospinal excit-
ability change in a non-exercised muscle following a loco-
motor exercise (Garnier et al. 2017), not is known on this 
effect for exercised muscles.

To date, it is well known that downhill walking (Mazerie 
et al. 2012) and isolated eccentric contractions (Fang et al. 
2004) induce specific cortical activations; however, the 
effect of the mode of muscle contraction on corticospinal 

excitability changes following a locomotor exercise remains 
unknown. Within this context, this study aimed to determine 
whether changes in corticospinal excitability and cortical 
inhibition depend upon the mode of muscle contraction pri-
marily involved in a locomotor exercise. We hypothesized 
that the higher cortical activity reported during downhill 
walking would increase corticospinal excitability, and 
reduced SICI in the knee extensors due to greater modula-
tion of intracortical excitability.

Materials and methods

Participants

Eleven healthy volunteers (all male; age: 26.3 ± 6.8 years; 
mass: 73.5 ± 3.4  kg; height: 180.7 ± 5.0  cm; VO2max 
57.9 ± 5.6 ml min−1 kg−1) with no history of neurological 
disorders or injuries were recruited for this study. Subjects 
were instructed not to perform any vigorous physical exer-
cise or consume caffeine or nicotine the day before each 
session. All participants provided signed informed consent 
prior to the experimentation and were asked to declare if 
they were taking any medication or had any acute illness or 
injury. The study was approved by the French ethics commit-
tee (ClinicalTrials.gov Identifier: NCT03334526) and was 
in compliance with the standards set by the World Medical 
Association Declaration of Helsinki “Ethical Principles for 
Medical Research Involving Human Subjects” (2008).

Experimental protocol

An overview of the experimental protocol is presented in 
Fig. 1. Participants attended the laboratory on 3 separate 
days divided into a familiarization session for the first visit 
and experimental sessions for the two subsequent ones. A 
time delay ranging from 96 h to 2 week separated sessions. 
The first session was devoted to determining the participants’ 
maximal oxygen uptake during an incremental treadmill test 
(see Garnier et al. 2018 for more details on the incremental 
treadmill test). Following completion of the incremental test, 
participants familiarized themselves with maximal voluntary 
isometric contractions as well as with transcranial magnetic 
stimulation and peripheral nerve stimulation protocols. 
During the subsequent two visits, participants performed a 
45-min walking exercise in an uphill or downhill condition 
matched for speed (see “Experimental treadmill exercise” 
for more details). Corticospinal excitability, intracortical 
inhibition and neuromuscular function of the knee extensors 
were investigated before and after exercise (see “Peripheral 
nerve stimulation” and “Transcranial magnetic stimulation” 
for more details).
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Torque and electromyographic recordings

Corticospinal and neuromuscular measurements were 
ascertained on an isokinetic dynamometer (System pro 4, 
Biodex Medical System, New York). Participants sat with 
a 90° hip angle, the right leg positioned at 70° of flexion 
(0° = fully extended), and the knee joint axis aligned with the 
dynamometer axis. The lever arm was attached 2 cm above 
the malleolus with a non-compliant strap. To avoid upper 
body movement, participants were attached on the trunk 
with non-compliant strap. Torque signal was recorded at a 
sampling rate of 1000 Hz using the Biopac MP150 system 
(Biopac System, Santa Barbara, CA). To ensure reliability 
of the measurements across sessions, the ergometer’s partici-
pant settings were kept constant between sessions.

Electromyographic (EMG) activity of the vastus lateralis 
(VL) and the rectus femoris (RF) muscle were recorded with 
pairs of pre-gelled Ag/AgCl surface electrodes (recording 
diameter of 10 mm, centre-to-centre distance 20 mm; Mini 
KR, Controle Graphique S.A., Brie-Comte-Robert, France) 
placed over the muscle belly. The location of electrodes was 
marked on the skin with the indelible ink used to ensure the 
same stimulation position across the session. The reference 
electrode was set on the contralateral patella. EMG activity 
was recorded with a Biopac MP150 system at a sampling 
rate of 2000 Hz, bandpass filtered (10 Hz to 500 Hz), and 
stored for analysis with commercially available software 
(AcqKnowledge 4.2 for MP systems, Biopac System, Santa 
Barbara, CA).

Maximal voluntary isometric contraction 
and activation level

Assessment of knee extensor neuromuscular function was 
performed at the onset of the experimental sessions. The 

maximal voluntary isometric contraction (MVIC) peak 
torque of the knee extensors was measured during a 5-s trial 
performed before (PRE), 1.5 min after (POST), and 30 min 
after (POST30) completion of the exercise. The time-delay 
at POST was required to install the subject and ensure reli-
able recordings on the dynamometer after exercise, and was 
kept constant between participants and sessions. Before 
MVIC at PRE, subjects performed a specific warm-up 
including isokinetic knee extensor contractions at different 
angular velocities (from + 120° to − 60° s−1) and intensities 
(60–100% of the participant’s estimated maximal intensity). 
Finally, two 5-s near-maximal (~ 90% of the participant’s 
estimated maximal intensity) isometric contractions were 
performed. MVIC at PRE was defined as the best perfor-
mance obtained on two consecutive 5-s trials with 1 min 
rest in between. An additional trial was performed as long as 
MVIC increased over 5% from the precedent best trial. Only 
one trial was performed to determine MVIC at POST and 
POST30. During MVIC, participants were verbally encour-
aged and a visual feedback of the current torque produced 
was displayed in front of the subjects.

The maximal voluntary activation level of the knee exten-
sors (VAL) was calculated before and after exercise by com-
paring the mechanical response evoked by a 100 Hz doublet 
superimposed on the MVIC (Dt100 Hzsup) by the response 
evoked by a potentiated 100 Hz doublet applied after MVIC 
(Dt100 Hz) (see Fig. 1) using the following equation:

The correction proposed by Strojnik and Komi (1998) 
including the value of the torque at the moment of the stimu-
lation was used if the superimposed doublet was applied 
slightly before or after the maximal torque.

VAL =

[

1 −
Dt100 Hzsup

Dt100 Hz

]

× 100.

Fig. 1   Overview of the experimental protocol. Each exercise condi-
tion followed the same experimental timeline involving neuromuscu-
lar assessment before (PRE), immediately after (POST) and 30 min 
after (POST30) completion of the exercise. The uphill and downhill 
conditions were performed at the same speed. CSP cortical silent 

period, Dt100  Hz electrical doublet at 100  Hz, MEP motor-evoked 
potential, MVIC maximal voluntary isometric contraction of the knee 
extensor muscles, PNS peripheral nerve stimulation, Pt single-pulse 
electrical stimulation, SICI short-interval cortical inhibition, TMS 
transcranial magnetic stimulation
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Peripheral nerve stimulation

Knee extensors’ neuromuscular function was assessed with 
transcutaneous stimulations over the femoral nerve (pulse 
width 200 µs) using a high-voltage constant-current stimu-
lator (model DS7AH, Digitimer Ltd., Hertfordshire, UK). 
The same experienced experimenter pressed a monopolar 
cathode-ball electrode (0.5 cm diameter) into the femoral 
triangle. The anode (10 × 5 cm rectangular electrode) was 
placed on the gluteus maximus opposite to the cathode. 
To determine stimulation intensity, pulse amplitude was 
increased until the peak twitch force and the M-wave area of 
the muscles under investigation plateaued. Intensity was fur-
ther increased by 20% for measurements and kept constant 
within the same session. Single and doublet (100 Hz) pulses 
were applied at rest in a randomized order across sessions, 
with a 5-s interval between stimulations. Peak twitch torque 
(Pt) of the single (Pt1) and doublets (Pt100) was measured 
off-line. M-wave area was used for further normalizations.

Transcranial magnetic stimulation

Corticospinal excitability of the knee extensors was inves-
tigated using single and paired TMS pulses applied on the 
contralateral motor cortex area. For all the TMS proce-
dures, the VL muscle was targeted to define stimulation site 
and stimulation intensity. Pulses were delivered through a 
double-coned coil orientated to induce a posterior-to-ante-
rior current flow using two magnetic stimulators Magstim 
2002 connected to a BiStim module (Magstim, Whitland, 
Dyfed, UK). The coil was held by the same experimenter 
throughout the session. Ten single and ten paired pulses 
were recorded at PRE, POST, and POST30 during a brief 
(~ 3-s) weak knee extensor contraction corresponding to 
20% MVIC performed at PRE, with a 5-s interval between 
stimulations. At the onset of each experimental session, the 
optimal stimulation site was identified and marked on the 
scalp. The active motor threshold (AMT) was assessed and 
defined as the lowest stimulator intensity producing a dis-
tinguishable MEP observable from the background EMG, 
followed by an EMG cancellation phase in three consecutive 
trials. Then, stimulus intensity was increased by 5% incre-
ments of the maximal stimulator output until MEP amplitude 
plateaued.

The stimulus intensity of single-pulse TMS was defined 
as the minimal intensity that evoked an MEP amplitude cor-
responding to 50% of the maximal amplitude determined pre-
viously. This intensity was adjusted at PRE and kept constant 
for POST and POST30 measurements within the same ses-
sion. For analysis, MEP area was normalized to the M-wave 
area recorded at the same time-point. The RMS-EMG activ-
ity preceding the stimulation was calculated over a 100-ms 
window for each muscle and normalized to the M-wave RMS 

of the corresponding time-point (RMS-EMGTMS). Cortical 
silent period (CSP) was determined manually as the duration 
between the stimulus artifact and the reappearance of a con-
tinuous EMG after the MEP. To ensure an accurate assessment 
of CSP, subjects were asked to maintain the desired force level 
after the TMS pulse.

Short-interval cortical inhibition (SICI) was measured in 
the knee extensors at PRE, POST, and POST30 using a paired-
pulse TMS protocol. A sub-threshold conditioning stimulus 
(CS; 90% AMT) followed by a supra-threshold testing (TS) 
stimulus were applied with a 3-ms inter-stimulus interval 
(O’Leary et al. 2015). At PRE, the experimenter adjusted the 
intensity of the TS so that obtained a conditioned MEP ampli-
tude equal to 50% of the amplitude of the single-pulse MEP. 
This SICI protocol has previously been showed to provide and 
excellent reliability (Temesi et al. 2017). The intensities of the 
CS and the TS were then kept constant at POST and POST30 
within the same session. SICI was determined as the mean 
MEP area from the ten conditioned pulses and expressed rela-
tive to the mean area of the ten non-conditioned MEP. A ratio 
inferior at 100% denotes an inhibition of the conditioned MEP 
as function of the non-conditioned MEP, with an increase of 
the ratio mirroring a weaker inhibition.

Experimental treadmill exercise

To investigate the effect of the mode of muscle contrac-
tion, the two different conditions were matched for walking 
speed, duration, and absolute slope. These conditions would 
ensure a similar amount of total work performed at the end 
of each exercise (Alexander et al. 2017), and avoid a con-
founding effect of different magnitude neuromuscular fatigue 
between conditions (Garnier et al. 2019). Considering the 
greater energy cost of uphill locomotion compared to down-
hill (Minetti et al. 2002), the speed of the uphill condition 
was always considered as the reference speed. Consequently, 
all participants performed first the uphill condition and then 
the downhill condition. The speed of the uphill condition was 
adjusted throughout the exercise to maintain 75% of the heart 
rate reserve (HRR), calculated in accordance with Karvonen’s 
formula (Karvonen and Vuorimaa 1988). Heart rate during 
exercise was recorded every second using a heart rate moni-
tor (Polar RS300; Polar Electro Oy, Kempele, Finland). The 
speed recorded every 2 min during the uphill condition was 
then replicated during the downhill exercise. Consequently, 
the experimenter adjusted the treadmill speed throughout each 
exercise to maintain either the target heart rate or the speed:

The constant “a” was 0.5 for the warm-up and 0.75 for 
the 45-min exercise.

HRR =
[

(maximal heart rate − resting heart rate) × a

]

+ resting heart rate.
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Before the walking exercise, subjects performed a 10-min 
warm-up with 6 min of cycling at 50% HRR followed by 
4 min of treadmill walking. During the 4 min of the warm-
up, treadmill speed was adjusted to fit with either targeted 
heart rate (for uphill) or speed (for downhill). The slope 
during the warm-up was also adjusted by increasing (uphill) 
or decreasing (downhill) the slope by step of 5% at 1.5 min, 
2.5 min, and 3.5 min (from 0 to ± 15%). Then, subjects 
performed a 45-min treadmill walking exercise with either 
+ 15% (uphill), or − 15% slope (downhill) (see Fig. 1). These 
slopes were shown to increase specifically the concentric or 
eccentric part of the stretch–shortening cycle of the knee 
extensors during uphill or downhill locomotion, respectively 
(Minetti et al. 2002).

Statistical analysis

All data are presented as mean ± standard deviation (SD) in 
text and tables, and as mean ± 95% confidence interval (CI) 
in figures. The nature of the distribution was assessed for all 
variables using the Shapiro–Wilk test. A logarithmic trans-
formation was applied to the data that violated the assump-
tion of normality to ensure the relevant use of parametric 
testing. Sphericity was checked as appropriate and a Green-
house–Geisser correction to the degree of freedom was 
applied when sphericity was violated. A Student t test for 
paired samples was used to determine significant differences 
between average heart rate during exercise. A two-way 
repeated-measures ANOVA tested the effect of condition 
(uphill vs downhill) and time (PRE, POST, and POST30) on 
corticospinal (MEP area, CSP duration, and SICI) and neu-
romuscular (MVIC, VAL, RMS-EMGTMS, M-wave area, Pt1, 
and Pt100) parameters. When significant, main effects and 
condition × time interaction were followed up with Tukey’s 
HSD tests. When interaction was significant, relevant simple 
main effects are reported. Effects size are reported as partial 
eta squared ( �2

p
 ) and Cohen’s dz. Statistical analyses were 

performed with Statistica (StatSoft France, version 7.1, 
STATISTICA) and G*Power 3.1. The significance level was 
set at 0.05 (two-tailed) for all the analyses.

Results

Treadmill exercise

The walking exercises were performed at the same speed 
(4.3 ± 0.4 km h−1). The t test showed a significant difference 
of the average heart rate recorded during exercise (p <0.001; 
t = 14.86). Heart rate recorded during the uphill condition 
(159 ± 8 bpm) was, on average, greater than the downhill 
condition (99 ± 16 bpm; p <0.001; dz=4.480).

Neuromuscular function

Maximal voluntary isometric contraction and voluntary 
activation level

ANOVA revealed a significant time effect for the MVIC of the 
knee extensors (p <0.001; �2

p
 = 0.605), with neither condition 

(p =0.171; �2
p
  =  0.179), nor condition × time interaction 

(p =0.847; �2
p
 = 0.016). MVIC decreased significantly from 

PRE (279.9 ± 51.6 N m) to POST (255.4 ± 46.2 N m) and 
POST30 (263.6 ± 49.7 N m) (all p < 0.015; all dz>1.140). No 
difference occurred between POST and POST30 (p = 0.061; 
dz = 0.659). A main effect of time was observed for VAL 
(p < 0.001; �2

p
 = 0.518), with a significant decrease from PRE 

(85.5 ± 8.7%) to POST (80.4 ± 8.5%; p < 0.001; dz=0.554), but 
no difference between PRE and POST30 (83.7 ± 6.9%; 
p = 0.259; dz=0.176). VAL significantly increased between 
POST and POST30 (p = 0.002; dz=0.886). Neither main effect 
of condition (p = 0.240; �2

p
 = 0.135), nor condition × time inter-

action (p = 0.483; �2
p
 = 0.070) was observed for VAL.

Peripheral nerve stimulation

ANOVA showed a significant effect of time (p < 0.001; 
�
2
p
 = 0.519) for the M-wave area of the VL muscle, but no main 

effect of condition (p = 0.453; �2
p
 = 0.057) or condition × time 

interaction (p = 0.407; �2
p
 = 0.086). The area decreased signifi-

cantly from PRE (0.092 ± 0.048  mV  s) to POST 
(0.081 ± 0.044 mV s) (p < 0.001; dz=0.189) and POST30 
(0.082 ± 0.043 mV s) (p < 0.001; dz=0.176). No difference was 
observed between POST and POST30 (p = 0.501; dz = 0.091). 
ANOVA reported a main effect of condition for the M-wave 
area of the RF muscle (p = 0.011; �2

p
 = 0.490). M-wave area 

was lower in the uphill (0.019 ± 0.007 mV s) compared to the 
downhill condition (0.028 ± 0.009 mV s) (p = 0.011; dz = 
0.696).

A follow-up test on the condition × time interaction of Pt1 
and Pt100 (all p < 0.020; all �2

p
 > 0.323) revealed that the down-

hill condition reduced peak twitches from PRE 
(Pt1 = 57.1 ± 8.7  N  m; Pt100 = 93.9 ± 11.8  N  m) to POST 
(Pt1 = 47.7 ± 8.9 N m; Pt100 = 84.2 ± 12.7 N m; all p < 0.001; 
all dz>1.396), and POST30 (Pt1 = 55.2 ± 9.5  N  m; 
Pt100 = 83.6 ± 11.4 N m; all p < 0.001; all dz>1.513). No 
change of Pt1 and Pt100 occurred at POST and POST30 in the 
uphill condition (all p >0.093; all dz<0.817).
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Transcranial magnetic stimulation

Change in muscular activity level

Normalized muscle activity (RMS-EMGTMS) of the knee 
extensors was measured during the TMS recordings per-
formed at 20% MVIC. For the VL muscle, ANOVA 
showed a significant condition × time interaction for the 
RMS-EMGTMS (p = 0.029; �2

p
 = 0.297). The normalized 

muscle activity was lower at POST in the uphill compared 
to downhill condition (p = 0.001; dz = 0.755). Normalized 
muscle activity did not change for the VL muscle from 
PRE to POST or POST30. ANOVA showed neither sig-
nificant main effect of time or condition (all p >0.123; all 
�
2
p
 < 0.221), nor condition × time interaction (p = 0.166; 

�
2
p
 = 0.164) for the normalized muscle activity of the RF 

muscle.

Corticospinal excitability

Figure 4 shows EMG traces recorded for the RF and VL 
muscles following TMS for a representative subject. 
ANOVA showed a significant condition × time interaction 
(p = 0.038; �2

p
 = 0.278) for the normalized MEP area of the 

VL muscle (see Fig. 2a). In the downhill condition, nor-
malized MEP area increased from PRE to POST and 
POST30 (all p < 0.008; all dz>0.885) with no difference 
between POST and POST30 (p = 0.936; dz = 0.263). No 
difference occurred for the uphill condition (all p >0.759; 
all dz<0.314). ANOVA showed neither significant main 
effect of time or condition (all p >0.192; all �2

p
 < 0.163), 

nor condition × time interaction (p = 0.058; �2
p
 = 0.294) for 

the normalized MEP area of the RF muscle (see Fig. 2b).

Cortical silent period

ANOVA showed neither significant main effect of time or 
condition (all p >0.155; all �2

p
  <  0.191), nor condi-

tion × time interaction (p = 0.185; �2
p
 = 0.165) for the CSP 

duration of the VL muscle (see Fig. 2c). For the RF mus-
cle, the ANOVA revealed a significant main effect of the 
condition (p = 0.038; �2

p
 = 0.383), with a greater CSP dura-

tion for the uphill compared to the downhill condition 
(p = 0.319; dz = 0.751; see Fig. 2d). Neither main effect of 
time (p = 0.289; �2

p
 = 0.116), nor a condition × time interac-

tion (p = 0.886; all �2
p
 = 0.003) was observed for the CSP 

duration of the RF muscle.

Short‑interval cortical inhibition

For both VL and RF muscles, ANOVA showed neither 
main effect of time (p >0.353; �2

p
  <  0.098), condition 

(p >0.104; �2
p
 < 0.242), nor condition × time interaction 

(p >0.094; �2
p
 < 0.215) on SICI change (see Fig. 3).

Discussion

This study investigated whether corticospinal changes 
induced by treadmill exercise depended upon the mode of 
muscle contraction of the knee extensors. To this purpose, 
corticospinal excitability and intracortical inhibition were 
examined in the VL and RF muscles following uphill versus 
downhill walking exercise performed at the same speed for 
the same duration. The results showed that MEP area of 
the VL muscle increased after downhill walking but did not 
change after the uphill walking. MEP area of the RF muscle 
was not affected by exercise. Both CSP duration and SICI 
remained unchanged following walking exercises.

Neuromuscular fatigue

A similar reduction in the MVIC torque occurred after exer-
cises, performed at the same speed but different slopes, at 
POST (~ − 9%) and POST30 (~ − 6%) evidencing a similar 
level of neuromuscular fatigue in the two conditions. This 
MVIC reduction was accompanied at POST by a reduc-
tion of the VAL (~ − 5%), recovering then to PRE value at 
POST30. Since MVIC remained reduced at POST30 in spite 
of a VAL recovery, peripheral alterations were involved in 
the delayed loss of torque following exercise. The reduction 
in peak twitch torque evoked by single and doublet (100 Hz) 
stimulations at POST and POST30 in the downhill condition 
revealed an impairment of the excitation–contraction cou-
pling process (Girard et al. 2013). Peak twitches torque of 
the single and doublet stimulations were unchanged follow-
ing the uphill exercise. This finding may reflect a postactiva-
tion potentiation related to an increase of the muscle–tendon 
stiffness (Lazzer et al. 2015), or a greater sensitivity of the 
Ca2+ with contractile proteins (Babault et al. 2008).

The present finding suggested that walking exercises 
performed at different slopes (+ 15% vs − 15%) but for the 
same duration (45 min) and at the same speed induced a 
similar level of neuromuscular fatigue. However, if the vol-
untary drive of the knee extensors was reduced to the same 
extent after each exercise, contractile properties were only 
impaired in the downhill condition. In accordance with iso-
lated muscle contractions (Garnier et al. 2019), the present 
results suggest that the mode of muscle contraction did not 
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modulate the amount of neuromuscular fatigue of different 
walking exercises performed at a similar amount of absolute 
work (Alexander et al. 2017), but might impact its etiology.

Corticospinal excitability changes following exercise

Figure 4 depicts the EMG responses in the investigated 
muscles to TMS in one representative subject. Immediately 
after and 30 min after downhill exercise, MEP area increased 
in the vastus lateralis muscle, while no change occurred 
after the uphill condition. The way a prolonged locomotor 

exercise affects corticospinal excitability in contracting mus-
cles remains debated, being either unchanged (Goodall et al. 
2012; Girard et al. 2013; O’Leary et al. 2015) or increased 
(Fernandez-del-Olmo et al. 2013; Jubeau et al. 2014; Temesi 
et al. 2014). The previous authors proposed that exercise 
duration (Temesi et al. 2014), or intensity (O’Leary et al. 
2015) may represent likely factors involved in these changes. 
Our findings showed, for the first time, that the type of loco-
motor exercise (uphill versus downhill), and, consequently, 
the mode of muscle contraction (concentric versus eccen-
tric), modulates corticospinal excitability changes. In the 

A B

C D

Fig. 2   Normalized MEP area and cortical silent period of the vas-
tus lateralis (a, c), and rectus femoris muscles (b, d) recorded before 
(PRE), immediately (POST) and 30  min after (POST30) the com-

pletion of the exercise (N = 11; mean ± 95% CI). *A significant dif-
ference from the PRE value within the same condition. **p < 0.01; 
***p < 0.001. aA significant condition effect (p < 0.05)
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present study, TMS was applied during brief submaximal 
knee extensor contractions corresponding to 20% MVIC 
recorded at PRE. The muscle activity during submaximal 
knee extensors contraction did not change after exercise, 
and thus, MEP area increase could not be explained by EMG 
activity change with muscle fatigue (Goodall et al. 2009). 
Contrary to the VL muscle, no corticospinal excitability 
change occurred for the RF muscle. Specific corticospi-
nal changes for two synergistic muscles have already been 
reported between the gastrocnemius and the soleus muscles 
(Duclay et al. 2011). The greater contribution of the RF 
muscle during downhill walking (Franz and Kram 2012) 
associated with its greater fatigability (Akima and Saito 
2013) would, thus, probably reduce spinal excitability of 
the RF muscle (Racinais et al. 2007), masking the increase 
of corticospinal excitability reported in the VL muscle.

The previous findings from Mazerie et al. (2012) reported 
greater cortical activations during downhill compared to 
uphill walking. One likely explanation for this behaviour 
is related to the greater cortical demands necessary to con-
trol locomotor patterns compared to a more common task 
as uphill walking (Kurz et al. 2012). On the other hand, 
downhill walking primarily involves the knee extensors 
under the eccentric mode of muscle contraction, which was 
showed to increase cortical activity as a consequence of the 
great magnitude of afferent feedback elicited from lengthen-
ing muscles (Fang et al. 2001). Interestingly, afferent input 
from contracting muscles is a powerful factor increasing 
excitability of the primary motor cortex area, and affecting 

intracortical connectivity between this area and the primary 
sensory cortex area (Schabrun et al. 2012). To further deter-
mine whether intracortical connectivity would be affected by 
the mode of muscle contraction, intracortical inhibition was 
also assessed in the knee extensors after exercise.

Cortical inhibition changes following exercise

Whatever the walking condition, CSP duration did not 
change following the exercise for both RF and VL muscles. 
In accordance with the previous studies that also investigated 
CSP changes after locomotor exercise (Goodall et al. 2012; 
Fernandez-del-Olmo et al. 2013; Girard et al. 2013; Jubeau 
et al. 2014), our findings suggested that the cortical GABAB 
inhibition was unchanged after walking exercise. Sidhu and 
colleagues showed that the apparent increase of cortical 
inhibition that occurred during a moderate-intensity cycling 
exercise recovered quickly at exercise cessation (Sidhu et al. 
2013). Thus, one may argue that the absence of CSP change 
may relate to the delay of measurement (~ 1.5 min) at exer-
cise cessation. Another explanation could stand for an insuf-
ficient exercise intensity to observe persistent changes after 
exercise, since one previous study showed that severe-inten-
sity, but not a moderate-intensity cycling exercise, reduced 
CSP duration (O’Leary et al. 2015). In addition to single 
pulse, SICI was performed using paired-pulse TMS to inves-
tigate whether exercise modulated intracortical inhibition. 
Our findings showed no change in SICI for both the VL and 
the RF muscles after uphill or downhill exercise.

Downhill

(-15%)
Uphill

(+15%)

PRE POST POST30

100

75

50

25

0

S
IC

I 
(%

 u
nc

on
di

tio
nn

ed
 M

EP
)

B Rectus Femoris

0

A Vastus Lateralis

PRE POST POST30

100

75

50

25

S
IC

I 
(%

 u
nc

on
di

tio
nn

ed
 M

EP
)

Fig. 3   Short-interval cortical inhibition (SICI) recorded in the knee extensors (vastus lateralis (a) and rectus femoris (b)) quantified as the area 
of the conditioned response expressed as a percentage of the control MEP area (N = 11; mean ± 95% CI)
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The stability of the CSP and of the SICI of the VL mus-
cle after the downhill exercise occurred along with a rise 
in MEP area. In the present study, the intensities used for 
single- and paired-pulse TMS at POST and POST30 were 
the same as used at PRE. Both the duration of the CSP (Orth 
and Rothwell 2004) and the magnitude of SICI (Lackmy 
and Marchand-Pauvert 2010; Temesi et al. 2017) increase 
with increasing MEP area. Thus, increasing MEP area in 
the VL muscle at POST and POST30 in the downhill condi-
tion would have led to increase CSP and to increase SICI. 
However, the lack of change of the CSP duration, and that in 
the ratio between the conditioned and the non-conditioned 
MEP area for the VL muscle suggest a decrease in intra-
cortical inhibition after downhill exercise. These findings 
are in accordance with the reduction of SICI after fatiguing 
concentric (Benwell et al. 2006) or eccentric contractions, 
while MEP remained stable (Pitman and Semmler 2012), 
or the unchanged CSP in the presence of an increased MEP 
amplitude (Temesi et al. 2014). However, they denote from 

the increase in SICI with unchanged MEP amplitude follow-
ing a severe-intensity cycling exercise (O’Leary et al. 2015). 
Considering that only the downhill condition impaired the 
contractile properties of the knee extensors in the present 
study, the apparent decrease in cortical inhibition in this 
condition would likely reflect a specific strategy aiming to 
facilitate the selective activation of the muscles involved in 
the action (Ortu et al. 2008). Consistently with the previous 
findings (O’Leary et al. 2015), the absence of clear intra-
cortical inhibition change may result from an insufficient 
exercise intensity used in the present study.

Conclusion

The present study evidences that the knee extensors mode 
of muscle contraction primarily involved during a walk-
ing exercise can modulate both corticospinal excitability 
and intracortical inhibition after exercise. Specifically, the 

Fig. 4   EMG responses to transcranial magnetic stimulation of the vastus lateralis (VL) and rectus femoris (RF) muscles in one representative 
subject recorded before (PRE), after (POST), and 30 min after (POST30) uphill and downhill treadmill exercises
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eccentric mode of muscle contraction during downhill walk-
ing increased corticospinal excitability, and, although not 
clearly evidenced, may reduce intracortical inhibition. These 
results suggest that the neural control of muscular contrac-
tion during a walking exercise, including cortical activities 
from movement preparation and execution and/or peripheral 
afferent feedback from muscles, is a potential factor for neu-
roplastic changes.
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