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Abstract
Background: Evidence indicates beneficial effects of aerobic exercise on motor learning perfor-
mance, which might be caused by the impact of aerobic exercise on cortical excitability. It is
thus suggested that physiological effects of aerobic exercise on cortical excitability determine
the effects of aerobic exercise on motor learning. Nevertheless, respective results usually come
from independent studies, and a prove of the causal relationship between neurophysiological
and motor learning effects is still missing. This study aims to explore the impact of a single bout
of aerobic exercise on brain physiology and motor learning, and the association between these
phenomena in humans Method: The study was conducted in a cross-over design. In twenty
healthy subjects, cortical excitability and motor learning were assessed before and after a single
bout of aerobic exercise or a control intervention Results: The results show that aerobic exer-
cise improved motor sequence learning and enhanced cortical excitability in humans. Further-
more, a correlation between the exercise-dependent alteration of cortical excitability (short
intracortical inhibition, which is determined primarily by the GABAergic system) and improve-
ment of motor learning has been found Discussion: The study found motor learning perfor-
mance-improving effects of aerobic exercise, and these results might be explained by an
exercised-caused alteration of cortical excitability, especially a reduction of GABA activity.
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Introduction

Motor learning is crucial in human daily life, both throughout
the lifespan as well as for the recovery from a variety of neu-
rological diseases (Krakauer, 2006). Converging evidence
suggests that a single bout of aerobic exercise is sufficient to
lead to immediate improvements of motor learning in
healthy subjects as well as in clinical populations such as
stroke (Imboden et al., 2019; Quaney et al., 2009; Snow et
al., 2016). The foundation of these effects might be the
impact of aerobic exercise on neuroplasticity and cortical
excitability (Arcangelo, Triossi, Buglione, Melchiorri, & Tan-
credi, 2017; Cabral et al., 2019). Animal studies suggest that
neuronal excitability is enhanced by exercise via suppressing
gamma-aminobutyric acid (GABA)-dependent inhibition and
facilitating the activation of glutamatergic N-methyl-D-
aspartate (NMDA) receptors (Arcangelo et al., 2017; Yu, Li,
Wang, & Li, 2013). Recently, transcranial magnetic stimula-
tion (TMS) paradigms have been applied to evaluate the
effects of aerobic exercise on cortical excitability in the
motor cortex in humans (Morris et al., 2019; Smith, Gold-
sworthy, Garside, Wood, & Ridding, 2014). Corticospinal
excitability can be assessed by active and resting motor
thresholds (MTs) and the input-output curve (I-O curve)
(Abbruzzese and Trompetto, 2002a; Chen, 2000b). MTs
reflect neuronal membrane excitability and depend primar-
ily on ion channel activity, because they are increased by
voltage-gated sodium channel blockers, but not affected by
drugs modulating GABAergic or glutamatergic transmission
(Ziemann, Chen, Cohen, & Hallet, 1998; Ziemann, Loen-
necker, Steinhoff, & Paulus, 1996). The input-output curve
(I-O curve) serves as an index of excitability of larger neuro-
nal populations compared to MTs (Abbruzzese and Trom-
petto, 2002b; Chen, 2000a). The I-O curve depends on
neuronal membrane excitability, as its slope is decreased by
sodium and calcium channel blockers. Furthermore, synap-
tic mechanisms are involved as it is modulated by drugs
affecting the GABAergic and glutamatergic system, espe-
cially at higher stimulation intensity (Broojerdi, Batta-
glia, Meullenbacher, & Cohen, 1999; Lazzoro et al., 2003;
Paulus et al., 2008). Short-interval intracortical inhibition
(SICI) and facilitation (ICF) can be explored by paired-
pulse TMS. SICI is mainly regulated by GABAA, but also
glutamate receptors and based on the induction of inhibi-
tory postsynaptic potentials (Liepert, Schwenkreis,
Tagenhoff, & Malin, 1997). ICF is thought to control activ-
ity of primarily the glutamatergic system (Ziemann,
2004). In previous studies, aerobic exercise enhanced ICF
and decreased intracortical inhibition but showed no
effect on MTs (McDonnell, Buckley, Opie, Ridding, & Sem-
mier, 2013; Smith et al., 2014). These findings confirm
that aerobic exercise affects human brain excitability.

Previous studies show a relevant, and mechanistically
related impact of aerobic exercise on motor learning and
cortical excitability (Morris et al., 2019; Quaney et al.,
2009; Smith et al., 2014; Snow et al., 2016). It is thus sug-
gested that physiological effects of aerobic exercise on
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cortical excitability determine the impact of aerobic exer-
cise on motor learning processes. Nevertheless, respective
results come from independent studies, and the causal rela-
tionship between neurophysiological and motor learning
effects has not been experimentally investigated directly so
far. In the present study, we conducted neurophysiological
assessments and explored motor learning performance in
identical participants to explore respective associations
directly. The study thus aims to explore the impact of aero-
bic exercise on brain physiology and motor learning, and the
association between these phenomena in humans. We
hypothesized that a single bout of aerobic exercise improves
motor learning and modulates cortical excitability. Further-
more, we expected an association between motor learning
and neurophysiological data.
Methods & material

Subjects

Twenty healthy right-handed non-smokers (10 females) aged
26.4§1.01 years (mean § SD) were recruited. None of them
had a history of neurological and psychiatric diseases, preg-
nancy, or metallic head implants, nor did they take any med-
ication during the study period. Written informed consent
was obtained from all participants before inclusion. The
investigation was approved by the ethics committee, and
conforms to the Declaration of Helsinki.
Aerobic exercise intervention

Participants were required to pedal a stationary exercise
bike. Before exercise, baseline heart rate (HR) was
obtained. During exercise, HR was monitored by a wrist-
mounted pulse rate sensor. Participants were instructed to
perform at 61-74% of their age-predicted maximal heart
rate HR (i.e. 220-age). The exercise consisted of: (1) 5 min
warm-up exercise, (2) 20 min exercise at target HR, and (3)
5 min cool down exercise. Throughout the exercise period,
HR was monitored continuously. In this study, not VO2 peak,
but HR was used to determine individual exercise intensity,
which is in line with foregoing studies (Balter A et al., 2018;
Singh A et al., 2014). The chosen exercise intensity level of
61-74% HR max is in further accordance with previous studies
exploring the impact of aerobic exercise on cortical excit-
ability in healthy adults (Baltar, Nogueria, Marques, Car-
neiro, & Monte-Silva, 2018; Lulic, El-Sayes, Fassett, &
Nelson, 2017; Singh, Neva, & Staines, 2014). The exercise
duration and protocol characteristics (5 min warm up,
20 min exercise, and 5 min cool down) was likewise chosen
in accordance with a previous study exploring the impact of
aerobic exercise on cognitive performance in healthy adults
(Chang, Chi, Wang, Chu, & Zhou, 2014). In the control condi-
tion, participants were resting for 30 min. During this time,
participants could interact with study staff or read, but
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were not allowed to conduct whole-body movements. HR
was monitored during the rest condition.

Motor learning task: serial reaction time task (SRTT)
Participants were seated in front of a computer screen at

eye level and a response pad placed on a table with four but-
tons numbered 1�4. They were instructed to push each but-
ton with a different finger of the right hand (index finger for
button 1, middle finger for button 2, ring finger for button 3,
and little finger for button 4). In each trial, an asterisk
appeared in one of 4 positions that were horizontally spaced
on a computer screen and permanently marked by dots. Par-
ticipants were instructed to press the key corresponding to
the position of the asterisks as fast and correct as possible.
After a button was pushed, the go signal (asterisk) disap-
peared. The next go signal was displayed 500ms after the
participant pushed the button, without giving information if
the answer was correct or not. A test session consisted of 8
blocks of 120 trials each. In blocks 1 and 6, the sequence of
asterisks followed a pseudo-random order. Asterisks were
presented equally frequently in each position and never in
the same position in two subsequent trials. In blocks 2�5,
and 7 and 8, the same 12-trial sequence of asterisk positions
was repeated for 10 times. Participants were not told about
the repeating sequence. Parallel task versions were applied,
and the task versions were randomized to intervention con-
ditions and intervention order (Grundey et al., 2015; Nitsche
et al., 2003).

Motor cortical excitability

Motor evoked potentials (MEPs) were induced in the right
abductor digiti minimi muscle (ADM) by single-pulse TMS
over the left primary motor cortex. TMS was conducted by a
Magstim 200 magnetic stimulator (Magstim Company, White-
land, Dyfed, United Kingdom) with a figure-of-eight mag-
netic coil (diameter of one winding=70mm; peak magnetic
field=2.2 T). For the paired-pulse TMS protocols, the coil
was connected to two Magstim 200 stimulators via a bistim
module. The coil was held tangentially to the skull, with the
handle pointing backwards and laterally at 45° from mid-
line. The individual optimal coil position was defined as the
site where TMS with medium intensity resulted consistently
in the largest MEP of the target muscle. Surface electromy-
ography (EMG) was recorded from the right ADM by use of
Ag-AgCl electrodes in a belly tendon montage. The signals
were amplified, and band-pass filtered (2Hz to 2 kHz; sam-
pling rate, 5 kHz). Signals were digitized with a power 1401
data acquisition interface (Cambridge Electronic Design,
Cambridge, United Kingdom) and stored for offline analysis.
The resting motor threshold (RMT) was defined as the mini-
mum TMS intensity which elicited a peak-to-peak MEP of 50-
100 mV in the relaxed muscle in at least three of six consecu-
tive trials. The active motor threshold (AMT) was the mini-
mum intensity eliciting a MEP response of »200-300 mV
during moderate spontaneous background muscle activity
(»15% of the maximum muscle strength) in at least three of
six consecutive trials. The I-O curve was determined using
TMS intensities of 100, 110, 130, and 150% RMT (15 stimuli
per intensity block, with the order of the blocks random-
ized), in accordance with previous studies (Antal, Terney,
K€uhnl, & Paulus, 2010; Grundey et al., 2015; Ragert, Camus,
Vandermeeren, Dimyan, & Cohen, 2009). Short-latency
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intracortical inhibition and facilitation were measured by a
TMS paired-pulse protocol including ISIs of 2, 3, 5, 10, and
15 ms. The first three ISIs represent inhibitory, and the last
two ISIs facilitatory effects, which reflect excitability of
inhibitory and excitatory interneurons, respectively. In this
protocol, the subthreshold conditioning stimulus (intensity
determined as 70% of AMT) precedes the test stimulus. The
test pulse was adjusted to achieve a baseline MEP of »1mV
and readjusted during the respective stimulation protocols,
if needed, to compensate for effects of global excitability
changes on test pulse amplitude. The pairs of stimuli were
organized in 15 blocks, and each block included one single
pulse, and one of all double pulse conditions in pseudo-ran-
domized order. Regarding the intensity of the conditioning
stimulus, we applied 70 % of AMT (Ziemann, Rothwell, & MC,
1996), to avoid ceiling effects, which might limit the obser-
vation of intervention-based excitability alterations..

Experimental course

The study was divided into two parts, each with two
experimental sessions (Figure 1). Within each part, ses-
sions were carried out in counterbalanced order and
separated by at least one week. All volunteers com-
pleted both parts of the study (four sessions). A ques-
tionnaire-based interview (asking whether the
participants felt fatigue, headache, or dizziness) was
applied after aerobic exercise intervention. The first
part (two sessions) of the experiment explored effects
of aerobic exercise on motor leaning. The parallel ver-
sions of SRTT were assessed before and after the inter-
vention (AE: aerobic exercise or Con: control condition).
The second part (two sessions) of the experiment
explored the effects of aerobic exercise on corticospinal
and intracortical excitability. Subjects were seated in a
comfortable chair with head and arm rests. The hotspot
of the right ADM was determined over the left primary
motor cortex, and 20 MEPs were recorded with the TMS
intensity which elicited on average MEP of 1mV ampli-
tude (SI1mV). Afterwards, RMT and AMT were determined
using standard procedures. After measuring AMT, a
15 min break followed to avoid a possible effect of mus-
cle contraction on the next measurements. After this
break, the following parameters were recorded in ran-
domized order as baseline measures: I-O curve and SICI-
ICF. All of the above-mentioned parameters were mea-
sured before and after intervention.

Data analysis

For the SRTT, in each trial, response time (RT) was recorded
from the appearance of the go signal until the first button
was pushed by the subject. For each block of trials of a given
experimental session, mean RTwas calculated for each sub-
ject separately. Incorrect responses, response times of less
than 200 ms or more than 3000 ms, and those that differed
more than 3 standard deviations from the individual mean
response time were discarded. Mean RT were standardized
to block 1 for each subject in each intervention condition
separately, to control for initial RT differences. Further-
more, the standard deviation of response times for each sub-
ject in every block was calculated as an index of variability



Figure 1 Experimental course of the study. The study was divided into two parts. The first part (two sessions) of the experiment
explored effects of aerobic exercise on motor leaning. Parallel versions of the SRTTwere assessed before and after the intervention
(AE: aerobic exercise or Con: control condition). The second part (two sessions) of the experiment explored the effects of aerobic
exercise on cortical excitability via TMS measurements.
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of response times. Error rate (ER) was calculated to assess
the number of incorrect responses for each block and each
subject in each session. Statistical analyses were performed
for absolute and standardized values of RT, ER, and variabil-
ity of RT via repeated measures analyses of variance
(ANOVA) (level of significance 0.05), and the within-subject
factors intervention condition (AE and Con), and time course
(pre-and post-intervention). The Mauchly test was per-
formed to test for sphericity and the Greenhouse-Geisser
correction were applied when necessary, for these, and the
following ANOVAs. Dependent on significant results of the
ANOVAs, RT, ER, and variability differences between the
respective intervention conditions were compared by two-
tailed Student’s t-tests for each block between intervention
conditions, and between blocks within an intervention con-
dition. Since RT differences between block 5 and 6 are
thought to represent an exclusive measure of implicit learn-
ing, interactive Student’s t tests were conducted to com-
pare differences of respective RTs between the intervention
conditions (blocks 5, and 6 of the SRTT).

With regard to the SI1mV, RMT, and AMT, the individual
means of the TMS intensity at SI1mV, RMT, and AMTwere cal-
culated for the before and after intervention separately.
Repeated-measures ANOVAs were performed for the above-
mentioned data using the RMT, AMT, and SI1mV value as the
dependent variable, and intervention condition (AE and
Con) and time point (pre- and post-intervention) as within-
subject factors. For the I-O curve, the individual means of
MEP amplitudes were calculated for all subjects. Repeated-
measures ANOVAs were performed for the above-mentioned
data using MEP amplitudes as the dependent variable, and
intervention condition (AE and Con), time point (pre- and
post-intervention), and TMS intensity as within-subject fac-
tors. Regarding SICI-ICF, the mean values were normalized
to the respective single-pulse condition. First, intra-individ-
ual means were calculated for each condition. To determine
significance, repeated-measures ANOVAs were performed
(ISIs, intervention conditions, time point as within-subject
4

factors and MEP amplitude as the dependent variable). In
case of significant results of the ANOVA, exploratory post
hoc comparisons were performed using Student’s t tests
(2-tailed, P<.05). To explore a priori differences between
conditions, a 2-factorial model ANOVA were conducted to
compare the baseline MEP amplitudes between intervention
conditions (AE and Con).

Simple bivariate correlations (Pearson’s r coefficient)
were conducted to explore the relationships between the
change of motor learning (performance block 5/6) and the
change of neurophysiological parameters (SI1mV, RMT, AMT, I-
O curve: means of different intensities, SICI: means of dif-
ferent ISI, and ICF: means of different ISI) under aerobic
exercise intervention (pre_AE vs. post_AE).
Results

All subjects tolerated the exercise protocols well.
According to the questionnaire-based interview (fatigue,
headache and dizziness after exercise), none of the par-
ticipants reported any side effects after aerobic exercise
intervention.

SRTT

As displayed in Table 1, for absolute RT, the repeated meas-
ures ANOVA revealed significant main effects of the factors
block (F(7)=11.344; P=0.001), condition (F(1)= 10.217;
P=0.002), time (F(1)=5.613; P=0.003), and significant condi-
tion x block (F(7)=54.212; P<0.001), block x time (F(7)
=11.43; P=0.002), condition x time (F(7)=5.523; P=0.039),
and block x condition x time (F(7)= 8.32; P=0.001) interac-
tions emerged. For standardized RT, significant main effects
of the factors block (F(7)=51.549; P<0.001), condition (F(1)
= 52.676; P<0.001), time (F(1)=50.662; P<0.001), and sig-
nificant condition x block (F(7)=48.32; P<0.001), block x
time (F(7)=51.323; P<0.001), condition x time (F(1)=48.92;



Table 1 Repeated-measures ANOVA results for motor learning (SRTT).

Test Parameters Conditions df F value P value

SRTT RT (absolute) Block 7 11.344 0.001
Condition 1 10.217 0.002
Time 1 5.613 0.003
Condition x Block 7 54.212 <0.001
Block x Time 7 11.43 0.002
Condition x Time 7 5.523 0.039
Block x Time x condition 7 8.32 0.001

RT (standardized) Block 7 51.549 <0.001
Condition 1 52.676 <0.001
Time 1 50.662 <0.001
Condition x Block 7 48.32 <0.001
Block x Time 7 51.323 <0.001
Condition x Time 1 48.92 <0.001
Block x Time x condition 7 44.89 <0.001

Variability of RT Block 7 2.852 0.170
Condition 1 1.289 0.261
Time 1 0.541 0.483
Condition x Block 7 0.710 0.407
Block x Time 7 1.646 1.167
Condition x Time 1 0.732 0.645
Block x Time x condition 7 1.420 0.228

Errors Block 7 0.136 0.938
Condition 1 0.914 0.540
Time 1 1.571 0.23
Condition x Block 7 0.947 0.530
Block x Time 7 0.487 0.492
Condition x Time 1 0.192 0.665
Block x Time x condition 7 2.050 0.101

Abbreviations: RT=reaction time *Significant results at p<0.05, d.f.: degrees of freedom.
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P<0.001), block x condition x time (F(7)=44.89; P<0.001)
interactions emerged. For absolute RT, the main effect of
block was caused by shorter RT in the sequence blocks
compared to the random blocks in all conditions
(Figure 2), with the exception of the random block 6,
which did not contain the learned sequence, in all exer-
cise conditions. The main effects of the factors condition
and time were caused by shorter RT for the AE_post as
compared to other conditions, and shorter RTs in all con-
ditions in the later, as compared to the earlier blocks
(Figure 2A). Similar results were obtained for standard-
ized RT. Standardized RTs were significantly smaller under
AE_post as compared to the other conditions (Figure 2B).
With respect to the significant interactions, as revealed
by the post hoc t-tests, the difference of absolute and
standardized RT between block 6 and 5 (RT6-RT5) was
significantly larger in the AE_post condition than in other
conditions, reflecting improved learning in the aerobic
exercise condition. For ER and variability, the respective
repeated measures ANOVAs showed no significant main
effects of condition, block or the respective interactions
(all P>0.05, Table 1).

For TMS data, there were no significant differences of
baseline MEP amplitudes between conditions (all
P>0.05). SI1mV, motor thresholds (AMT and RMT), and the
slope of the recruitment curve show no significant effects
of the main factors condition and time or the respective
interactions (p> 0.05) (Table 2). For SICI and ICF, the
5

ANOVA revealed significant main effects of condition
(F(1)= 9.212; P<0.001), time (F(1)= 8.589; P=0.001), ISI
(F(4)= 4.171; p=0.002), and the condition x time (F(4)=
12.697; p< 0.001), condition x ISI (F(4)= 11.481;
p<0.001), Time x ISI (F(4)= 6.232; p=0.001), and condi-
tion x time x ISI (F(4)= 5.376; p=0.001) interactions
(Table 1). Post hoc Student’s t tests (two-tailed, p <

0.05) show that AE enhanced intracortical excitability.
Aerobic exercise significantly increased facilitation at ISIs
of 10ms, and 15ms, and decreased inhibition at ISIs of 2
and 3 compared to the AE_pre and Con_post conditions
(Figure 3).

There was a significant negative correlation between the
change in SICI (means of different ISIs) and the change in
motor learning RT (r= -0.817, p=0.047) under aerobic exer-
cise conditions (Figure 4). However, no association between
the change in ICF and motor learning RT was observed (r=-
0.38, p=0.072), nor were there significant correlations
between the changes in motor learning RTand SI1mV (r=0.15,
p=0.66), RMT (r=-0.1, p=0.78), AMT (r=-0.09, p=0.82), and
I-O curve (r=0.29, p=0.44).
Discussion

In the present study, a single bout of aerobic exercise
improved motor sequence learning in healthy adults. In the
same subjects, exercise furthermore enhanced cortical



Figure 2 SRTT performance (reaction time). Depicted are the (A) mean absolute reaction time (ms) and (B) standardized reaction
time for each intervention condition (blocks 1-8). In blocks 1 and 6, random stimuli, and in the remaining blocks, the sequence was
presented. The results show that participants learned in all conditions (aerobic exercise (AE) and control (Con)). In addition, reaction
time was generally significantly shorter in the AE_post condition as compared to Con_post (block 3, 4, 5, 7 and 8). For both, A and B,
the reaction time difference between block 5 and 6, which is a pure index of motor sequence learning, was larger for the AE_post, as
compared to Con_post, indicating improved learning under aerobic exercise. Filled symbols indicate significant reaction time differ-
ences within respective intervention conditions relative to block 1 (2-tailed t tests, paired samples, P< 0.05). The asterisks indicate
significant differences between the AE_post vs Con_post conditions for a single block (2-tailed t tests, paired samples, P< 0.05). The
floating circle symbols indicate significant differences between the AE_post vs AE_pre conditions within a block (2-tailed t-tests,
paired samples, P <0.05). The hash sign indicates a significant difference of the RT difference between block 5 and 6 with respect to
the AE_post vs Con_post conditions (2-tailed, t-test, paired samples, P <0.05). Error bars in this and the following figures represent
standard error of the mean (SEM).
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Table 2 Repeated-measures ANOVA results for cortical excitability (TMS).

Test Parameters Conditions df F value P value

TMS 1-mV intensity Condition 1 0.377 0.632
Time 1 0.341 0.383
Condition x Time 1 1.348 0.220

AMT Condition 1 2.761 0.080
Time 1 1.323 0.224
Condition x Time 1 1.454 0.122

RMT Condition 1 0.534 0.663
Time 1 1.234 0.295
Condition x Time 1 0.444 0.356

I-O curve Condition 1 3.916 0.06
Time 1 2.104 0.104
Intensity 3 4.23 0.057
Condition x Time 1 1.738 0.184
Condition x Intensity 3 4.569 0.068
Time x Intensity 3 1.130 0.214
Condition x Time x Intensity 3 1.259 0.129

SICI-ICF Condition 1 9.212 <0.001
Time 1 8.589 0.001
ISI 4 4.171 0.002
Condition x Time 4 12.697 <0.001
Condition x ISI 4 11.481 <0.001
Time x ISI 4 6.232 0.001
Condition x Time x ISI 4 5.376 0.001

Abbreviations: RMT=resting motor threshold; AMT=active motor threshold; I-O curve=input-output curve; SICI-ICF=short-latency intracort-
ical inhibition and intracortical facilitation. *Significant results at p<0.05, d.f.: degrees of freedom.
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excitability. It increased intracortical facilitation, and
decreased inhibition. In addition, a negative correlation
between SICI and improvement of motor learning perfor-
mance was shown, whereas no correlation was found
between ICF or other neurophysiological parameters and
motor learning.

Our findings show that RT was selectively shortened for
the motor sequence after aerobic exercise, as compared
with the control and pre-exercise conditions. This result is in
accordance with previous studies, where a single dose of
aerobic exercise improved motor learning of continuous
tracking, and motor sequence tasks (Snow et al., 2016;
Statton, Encamacion, Celnik, & Bastian, 2015). Moreover,
the interactive t-test (comparing sequence block 5 and ran-
dom block 6) conducted for standardized RT revealed a sig-
nificant difference of AE_post vs. Con_post and AE_pre vs.
AE_post, and thus prove a sequence learning-specific effect
of this intervention. Additionally, the RT improvement was
specific for sequence learning and did not reflect a general
RT improvement. ER and variability were not affected by
the intervention. Thus, these effects reflect a clear perfor-
mance improvement, and not improved RTs on the cost of
error enhancement.

Regarding corticospinal excitability, AMT, RMT, as well as
the I-O curve did not differ between aerobic exercise and
control conditions. This finding is in accordance with those
of previous studies (Smith et al., 2014; Yamazaki et al.,
2019). We found however enhanced ICF as well as a
decreased short latency intracortical inhibition after aerobic
exercise. ICF is regulated predominantly by glutamate
7

receptors with some GABAA receptor contribution (Ziemann,
Chen, Cohen, & Hallet, 1998a; Ziemann, Loennecker, & pau-
lus, 1995; Ziemann, Loennecker, et al., 1996). SICI is sug-
gested to be primarily controlled by GABAA receptors (Ilic
et al., 2002; Paulus et al., 2008; Ziemann et al., 1998b). Our
results thus imply that aerobic exercise exerts modulatory
effects on both excitatory glutamatergic neurotransmission
and GABA-related inhibition. These results are in accordance
with those of former in vivo and in vitro studies showing that
aerobic exercise suppresses GABAergic inhibition and enhan-
ces glutamatergic facilitation (Arcangelo et al., 2017; Yu
et al., 2013). Previous evidence has shown that exercise
modulates relevantly brain physiology, and that intensity,
frequency, and duration of exercise determine its efficacy
(Lulic et al., 2017; Moscatelli et al., 2020; Yamazaki, Sato,
Yamashiro, et al., 2019). The comparative importance of
these parameters has however not been explored systemati-
cally. Preliminary studies of our own group and others have
shown that a single bout of aerobic exercise increases ICF
whereas it decreases SICI (T. Lulic, J. El-Sayes, H. Fassett, &
A. Nelson, 2017; McDonnell et al., 2013; Mooney et al.,
2016; Singh, Duncan, Neva, & Staines, 2014; Smith et al.,
2014; Yamazaki et al., 2019). These findings, however, con-
trast with one study, in which application of light aerobic
exercise did not affect SICI (Morris et al., 2019). Since exer-
cise duration is similar in these studies, a likely explana-
tion for these different results is exercise intensity. Our
and previous studies applied moderate intensity exer-
cise whereas light intensity was used in Morris’ study.
Additionally, a foregoing study has shown that 20 mins



Figure 3 Short-latency intracortical inhibition and intracortical facilitation before and after intervention (aerobic exercise and
control). Single pulse-standardized double pulse stimulation MEP amplitude ratios § SEM are depicted for ISIs revealing inhibitory
(ISIs of 2, 3, and 5 ms) and facilitatory (ISIs of 10 and 15 ms) effects for different conditions: before aerobic exercise (AE_pre), after
aerobic exercise (AE_post), before control (Con_pre), and after control (Con_post). In the AE_ post condition, facilitation for the ISI
of 10 and 15 milliseconds were significantly increased, and inhibition for ISIs of 2 and 3 milliseconds were significantly decreased com-
pared other conditions. Filled symbols indicate significant differences between post-intervention vs pre-intervention within respec-
tive intervention conditions (2-tailed t-tests, paired samples, P <0.05). The asterisks indicate significant differences between
AE_post vs Con_post conditions for respective ISIs (2-tailed t tests, paired samples, P< 0.05). Vertical bars depict SEM.

H.-I. Kuo, M.-H. Hsieh, Y.-T. Lin et al.
of continuous moderate-, but not low-intensity aerobic
exercise was effective at modulating corticospinal
excitability (MacDonald et al., 2019), and adds evidence
that low intensity exercise might not be sufficient to
affect brain physiology relevantly. Furthermore, exer-
cise intensity plays a pivotal role in modulating brain
physiology. Balter A et al. (2019) showed that 15 mins
moderate-intensity aerobic exercise, but not 30 mins
low-intensity aerobic exercise enhance cortical
Figure 4 A significant negative association between the change
learning (r= -0.833, p=0.037) under the aerobic exercise condition is
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excitability. This suggests that exercise intensity has a
higher relevance than exercise duration for modulation
of brain physiology. Previous studies showed further-
more that single dose and multiple doses of aerobic
exercise modulate brain physiology, but a direct com-
parison between different repetition rates is still miss-
ing, and respective studies should be conducted in
future (Lulic et al., 2017; Moscatelli et al., 2020;
Yamazaki, Sato, Yamashiro, et al., 2019).
in SICI (MEP means of different ISIs) and change in RT in motor
depicted.
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No correlations between the changes of motor learning
performance and the changes of SI1mV, RMT, AMT, I-O curve
after aerobic exercise intervention were observed. Exer-
cise-mediated decreases of SICI were however correlated
with improvements in motor learning performance. No cor-
relation between ICF and motor learning was observed. This
finding shows a similar pattern with previous research, which
included magnetic resonance spectroscopy (MRS) in
sequence learning, and showed that GABA activity is
reduced, but glutamate is not altered in the primary motor
cortex during learning, and the magnitude of GABA reduc-
tion correlates positively with motor learning (Stagg, Bach-
tiar, & Johansen-Berg, 2011). These results do not imply
that the glutamatergic system is not relevant for motor
learning, but its effects might be more focal, and therefore
escape methods with limited spatial resolution, such as MRS.
In general accordance with our results, a foregoing study has
described a positive correlation between exercise-increased
cortical excitability (MEP amplitude) and non-motor proce-
dural memory consolidation (Ostadan et al., 2016). This find-
ing suggests that aerobic exercise may exert a widespread
effect on the brain, and affects learning also with respect to
cerebral areas, which show no close connection with the
motor system.

The specific mechanisms responsible for the effects of aer-
obic exercise on motor learning should be further investigated
in future studies. Exercise-induced cortical modulation, as
outlined above, is a candidate mechanism. Changes in cortical
excitability and activity are a necessary precondition for sus-
tained changes in synaptic strength, as present in long-term
potentiation (LTP) and long-term depression (LTD) (Daoudal &
Debanne, 2003; Malenka & Bear, 2004; Rioult-Pedotti, Fried-
man, Hess, & Donoghue, 2000). Moreover, LTP is related to
learning, depends on glutamatergic mechanisms, and is fos-
tered by GABA reduction. Animal studies have shown that
exercise induces glutamatergic and calcium�dependent LTP
(Arcangelo et al., 2017). Thus, exercise might have enhanced
learning-related plasticity via LTP-enhancement via GABA
reduction, and glutamate enhancement. The results of the
present study are in line with previous research that a single
dose of aerobic exercise increases ICF whereas it decreases
SICI. This might create a more favourable environment for
task-related long term potentiation-like excitability changes
(Singh et al., 2014). The present study adds relevant informa-
tion that aerobic exercise might modulate neurotransmitter
functions, specifically for GABA and glutamate, and that espe-
cially the reduction of GABA-related diminution of cortical
excitability is closely related to learning.

Some limitations of the present study should be taken into
account. This study was conducted in healthy humans, and
one-to-one translation of the results to clinical populations
should not be taken for granted, because in neurological and
mental diseases, transmitter availability and other features of
brain functions might differ from those of healthy humans.
Some studies describe that interindividual heterogeneity
affects the relationship of exercise and cognitive outcomes
(Gomez-Pinilla & Hillman, 2013; Herold, M€uller, Gronwald, &
M€uller, 2019). Studies are needed to explore the reasons for
these heterogeneities, accordingly to adapt intervention pro-
tocols, including individualization of interventions. Second,
previous data show that a single session of aerobic exercise
can transiently modulate cortical excitability in the motor
9

cortex regardless of physical activity level (Lulic et al., 2017).
Thus, in the present study we did not specifically obtain sub-
jects’ physical activity level. However, this is indeed a limita-
tion to the work, and should be further investigated in future
studies. Thirdly, our results show enhanced ICF and diminished
SICI after aerobic exercise, which implies that aerobic exer-
cise exerts modulatory effects on both, excitatory glutama-
tergic neurotransmission and GABA-related inhibition.
Nevertheless, since the study did not measure GABA and glu-
tamate concentration directly, the effects of aerobic exercise
on these neurotransmitters should be explored in larger detail
in future research. Finally, this study was designed to explore
the acute effects of aerobic exercise. Long-term effects of
aerobic exercise on motor learning and cortical excitability
should be investigated in future studies.
Conclusion

This study provides evidence for motor learning performance-
improving effects of aerobic exercise in healthy humans.
Mechanistically these results can be explained by exercise-
caused alterations of cortical excitability, especially a reduc-
tion of GABA activity, which might gate learning-related phys-
iology, including plasticity. A more detailed understanding of
the mechanistic underpinnings of aerobic exercise effects on
motor learning might enable the development of optimal aer-
obic exercise interventions for various clinical populations.
Future studies should address long-term effects of exercise
for different exercise parameters and identify directly mecha-
nistic factors linking changes of neurophysiological parameters
with cognitive changes as a result of exercise.
Conflict of interest

The authors declare no competing financial interests.
References

Abbruzzese, G., & Trompetto, C. (2002). Clinical and research
methods for evaluating cortica excitability. Journal of Clinical
Neurophysiology, 19, 307–321.

Antal, A., Terney, D., K€uhnl, S., & Paulus, W. (2010). Anodal trans-
cranial direct current stimulation of the motor cortex amelio-
rates chronic pain and reduces short intracortical inhibition.
Journal of Pain and Symptom Management, 39(5), 890–903.

Arcangelo, G., Triossi, T., Buglione, A., Melchiorri, G., &
Tancredi, V. (2017). Modulation of synaptic plasticity by short-
term aerobic exercise in adult mice. Behavioral Brain Research,
332, 59–63.

Baltar, A., Nogueria, F., Marques, D., Carneiro, M., &
Monte-Silva, K (2018). Evidence of the homeostatic regulation
with the combination of transcranial direct current stimulation
and physical activity. American Journal of Physical Medicine &
Rehabilitation, 97, 727–733.

Broojerdi, V., Battaglia, F., Meullenbacher, W., & Cohen, L. (1999).
Evaluation of the effects of CNS-active drugs on cortical excit-
ability in intact humans. Neurology, 52, 457.

Cabral, D., Rice, J., Morris, T., Rundek, T., Pascual-Leone, A., &
Gomes-Osman, J. (2019). Exercise for brain health: An investiga-
tion into the underlying mechanisms guided by dose.

http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0001
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0001
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0001
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0002
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0002
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0002
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0002
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0002
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0003
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0003
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0003
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0003
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0004
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0004
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0004
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0004
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0004
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0005
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0005
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0005
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0006
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0006
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0006


H.-I. Kuo, M.-H. Hsieh, Y.-T. Lin et al.
Neurotherapeutics: The Journal of the American Society for
Experimental NeuroTherapeutics, 16, 580–599.

Chang, Y., Chi, L., Wang, J., Chu, C., & Zhou, C. (2014). Effect of
acute aerobic exercise on cognitive performance: Role of cardio-
vascular fitness. Psychology of Sport and Exercise, 15, 464–470.

Chen, R. (2000). Studies of human motor physiology with transcrnial
magnetic stimulation. Muscle & Nerve Supplement, 9, 26–32.

Daoudal, G., & Debanne, D. (2003). Long-term plasticity of intrinsic
excitability: Learning rules and mechanisms. Learning & Mem-
ory, 10, 456–465.

Gomez-Pinilla, F., & Hillman, C. (2013). The influence of exercise on
cognitive abilities. Comprehensive Physiology, 3, 403–428.

Grundey, J., Amu, R., Ambrus, G., Batsikadze, G., Paulus, W., &
Nitsche, M. (2015). Double dissociation of working memory and
attentional processes in smokers and non-smokers with and with-
out nicotine. Psychopharmacology, 232, 2491–2501.

Herold, F., M€uller, P., Gronwald, T., & M€uller, N. (2019). Dose-
response matters! - A perspective on the exercise prescription in
exercise-cognition research. Frontiers in Psychology, 10.
https://doi.org/10.3389/fpsyg.2019.02338.

Ilic, T., Meintschel, F., Cleff, U., Ruge, D., Kessleer, K., &
Ziemann, U. (2002). Short-interval paired-pulse inhibition and
facilitation of human motor cortex: The dimension of stimulation
intensity. Journal of Physiology, 545, 771–782.

Imboden, C., Gerber, M., Beck, J., Eckert, A., P€uhse, U., &
Holsboer-Trachsler, E. (2019). Effects of aerobic exercise as
add-an treatment for inpatients with moderate to severe
depression on depression severity, sleep, cognition, psycho-
logical well-being, and biomarkers: Study protocol, descrip-
tion of study population, and manipulation check. Frontiers
in Psychiatry, 25, 1–10.

Krakauer, J. W. (2006). Motor learning: Its relevance to stroke recov-
ery and neurorehabilitation. Current Opinion in Neurology, 19(1),
84–90.

Lazzoro, V. D., Oliviero, A., Profice, P., Pennisi, M., &
Pilato, F. (2003). Ketamine increases human motor cortex excit-
ability to transcranial magnetic stimulation. Journal of Physiol-
ogy, 547, 485–496.

Liepert, J., Schwenkreis, P., Tagenhoff, M., & Malin, J. (1997). The
glutamate antagonist riluzole suppresses intracortical facilita-
tion. Journal of Neural Transmission, 104, 1207–1214.

Lulic, T., El-Sayes, J., Fassett, H., & Nelson, A. (2017). Physical
activity levels determine exercise-induced changes in brain
excitability. PLoS One, 12, e0173672.

MacDonald, M. A., Khan, H., Kraeutner, S. N., Usai, F., Rogers, E. A.,
Kimmerly, D. S., . . . Boe, S. G. (2019). Intensity of acute aerobic
exercise but not aerobic fitness impacts on corticospinal excit-
ability. Applied Physiology, Nutrition, and Metabolism, 44(8),
869–878. https://doi.org/10.1139/apnm-2018-0643.

Malenka, R., & Bear, M. (2004). LTP and LTD: An embarassment of
riches. Neuron, 44, 5–21.

McDonnell, M., Buckley, J., Opie, G., Ridding, M., &
Semmier, J. (2013). A single bout of aerobic exercise promotes
motor cortical neuroplasticty. Journal of Applied Physiology,
114, 1174–1182.

Mooney, R. A., Coxon, J. P., Cirillo, J., Glenny, H., Gant, N., &
Byblow, W. D. (2016). Acute aerobic exercise modulates primary
motor cortex inhibition. Experimental Brain Research, 234,
3669–3676.

Morris, T., Fried, P., Macone, J., Stillman, A., Gomes-Osman, J., &
Costa-Miserachs, D. (2019). Light aerobic exercise modulates
executive function and cortical excitability. European Journal of
Neuroscience, 0, 1–12.

Moscatelli, F, Messina, G, Valenzano, A, Triggiani, AI, Sessa, F, &
Carotenuto, M (2020). Effects of twelve weeks’ aerobic training
on motor cortex excitability. The Journal of Sports Medicine and
Physical Fitness, 60, 1383–1389.
10
Nitsche, M., Schauenburg, A., Lang, N., Liebetanz, D., Exner, C.,
Paulus, W., & Tergau, F. (2003). Facilitation of implicit motor
learning by weak transcranial direct current stimulation of the
primary motor cortex in the human. Journal of Cognitive Neuro-
science, 15, 619–626.

Ostadan, F., Centeno, C., Daloze, J., Frenn, M., Lundbye-Jensen, J.,
& Roig, M. (2016). Changes in corticospinal excitability during
consolidation predict acute exercise-induced off-line gains in
procedural memory. Neurobiology of Learning and Memory, 136,
196–203.

Paulus, W., Classen, J., Cohen, L., Lang, C., & Lazarro, V. (2008).
State of the art: Pharmacologic effects on cortical excitability
measures tested by transcrnial magnetic stimulation. Brain
Stimulation, 1, 151–163.

Quaney, B. M., Boyd, L. A., McDowd, J. M., Zahner, L. H.,
Jianghua, H., Mayo, M. S., & Macko, R. F. (2009). Aerobic exer-
cise improves cognition and motor function poststroke. Neurore-
habilitation and Neural Repair, 23(9), 879–885. https://doi.org/
10.1177/1545968309338193.

Ragert, P., Camus, M., Vandermeeren, Y., Dimyan, M. A., &
Cohen, L. G. (2009). Modulation of effects of intermittent theta
burst stimulation applied over primary motor cortex (M1) by con-
ditioning stimulation of the opposite M1. Journal of Neurophysi-
ology, 102(2), 766–773. https://doi.org/10.1152/jn.00274.2009.

Rioult-Pedotti, M., Friedman, D., Hess, G., & Donoghue, J. (2000).
Learning-induced LTP in neocortex. Science, 290, 533–536.

Singh, A., Neva, J., & Staines, W. (2014). Acute exercise enhances
the response to paired associative stimulation-induced plasticity
in the primary motor cortex. Experimental Brain Research, 232,
3675–3685.

Singh, A. M., Duncan, R. E., Neva, J. L., & Staines, W. R. (2014). Aer-
obic exercise modulates intracortical inhibition and facilitation
in a nonexercised upper limb muscle. BMC Sports Science, Medi-
cine & Rehabilitation, 6, 23.

Smith, A., Goldsworthy, M., Garside, T., Wood, F., &
Ridding, M. (2014). The influence of a single bout of aerobic
exercise on short-interval intracortical excitability. Experimen-
tal Brain Research, 232, 1875–1882.

Snow, N., Mang, C., Roig, M., McDonnell, M., Campbell, K., &
Boyd, L. (2016). The effect of an acute bout of moderate-inten-
sity aerobic exercsie on motor learning of a continuous tracking
task. PLoS One, 11, e0150039.

Stagg, C. J., Bachtiar, V., & Johansen-Berg, H. (2011). The role of
GABA in human motor learning. Current Biology. CB, 21, 480–
484.

Statton, M., Encamacion, M., Celnik, P., & Bastian, A. (2015). A sin-
gle bout of moderate aerobci exercsie improves motor skill
acquisition. PLoS One, 10, e0141393.

Yamazaki, Y., Sato, D., Koya, Y., Nakano, S., Onishi, H., &
Maruyama, A. (2019). Acute low-intensity aerobic exercise mod-
ulates intracortical inhibitory and excitatory circuits in an exer-
cised and a non-exercised muscle in the primary motor cortex.
Frontiers in Physiology, 7, 1361.

Yu, Q., Li, X., Wang, J., & Li, Y. (2013). Effect of exercise training on
long-term potentiation and NMDA receptor channels in rats with
cerebral infarction. Experimental and Therapeutic Medicine, 6,
1431–1436.

Ziemann, U. (2004). TMS induces plasticity in human cortex.
Reviews in the Neurosciences, 15, 253–266.

Ziemann, U., Chen, R., Cohen, L., & Hallet, M. (1998a). Dextrome-
thorphan decreases the excitability of the human motor cortex.
Neuroplogy, 51, 1320–1324.

Ziemann, U., Loennecker, S., & paulus, W. (1995). Inhibition of
human motor cortex by ethanol. A transcrnial magnetic stimula-
tion study. Brain, 118, 1437–1446.

Ziemann, U., Loennecker, S., Steinhoff, B., & Paulus, W. (1996).
Effects of antiepileptic drugs on motor cortex excitability in

http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0006
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0006
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0007
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0007
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0007
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0008
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0008
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0009
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0009
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0009
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0010
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0010
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0011
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0011
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0011
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0011
http://dx.doi.org/10.3389/fpsyg.2019.02338
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0013
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0013
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0013
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0013
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0014
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0015
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0015
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0015
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0016
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0016
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0016
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0016
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0017
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0017
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0017
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0018
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0018
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0018
http://dx.doi.org/10.1139/apnm-2018-0643
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0020
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0020
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0021
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0021
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0021
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0021
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0022
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0022
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0022
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0022
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0023
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0023
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0023
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0023
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0024
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0024
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0024
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0024
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0025
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0025
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0025
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0025
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0025
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0026
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0026
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0026
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0026
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0026
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0027
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0027
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0027
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0027
http://dx.doi.org/10.1177/1545968309338193
http://dx.doi.org/10.1177/1545968309338193
http://dx.doi.org/10.1152/jn.00274.2009
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0030
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0030
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0031
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0031
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0031
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0031
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0032
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0032
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0032
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0032
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0033
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0033
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0033
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0033
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0034
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0034
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0034
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0034
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0035
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0035
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0035
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0036
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0036
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0036
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0037
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0037
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0037
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0037
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0037
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0038
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0038
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0038
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0038
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0039
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0039
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0040
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0040
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0040
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0041
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0041
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0041
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0042
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0042


International Journal of Clinical and Health Psychology 23 (xxxx) 100333
humans: a transcrnial magnetic stimulation study. Annals of Neu-
rology, 40, 367–378.

Ziemann, U., Rothwell, J. C., & MC, R. (1996). Interaction between
intracortical inhibition and facilitation in human motor cortex.
Journal of Physiology, 496, 873–881.
11
Ziemann, U., Tergau, F., Wassermann, E., Wischer, S.,
Hildebrandt, J., & Paulus, W. (1998b). Demonstration of facilita-
tory I wave interaction in the human motor cortex by paired
transcrniasl magnetic stimulation. Journal of Physiology, 511,
181–190.

http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0042
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0042
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0043
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0043
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0043
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0044
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0044
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0044
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0044
http://refhub.elsevier.com/S1697-2600(22)00041-2/sbref0044

	A single bout of aerobic exercise modulates motor learning performance and cortical excitability in humans
	Introduction
	Methods and material
	Subjects
	Aerobic exercise intervention
	Motor cortical excitability
	Experimental course
	Data analysis

	Results
	SRTT

	Discussion
	Conclusion
	Conflict of interest
	References


