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Abstract

Cross-education is the phenomenon where training of one limb can cause neu-

romuscular adaptations in the opposite untrained limb. This effect has been

reported to be greater after eccentric (ECC) than concentric (CON) strength

training; however, the underpinning neurophysiological mechanisms remain

unclear. Thus, we compared responses to transcranial magnetic stimulation

(TMS) in both motor cortices following single sessions of unilateral ECC and

CON exercise of the elbow flexors. Fourteen healthy adults performed three sets

of 10 ECC and CON right elbow flexor contractions at 75% of respective maxi-

mum on separate days. Elbow flexor maximal voluntary isometric contraction

(MVIC) torques were measured before and after exercise, and responses to

single- and paired-pulse TMS were recorded from the non-exercised left and

exercised right biceps brachii. Pre-exercise and post-exercise responses for ECC

and CON were compared by repeated measures analyses of variance

(ANOVAs). MVIC torque of the exercised arm decreased (p < 0.01) after CON

(�30 ± 14%) and ECC (�39 ± 13%) similarly. For the non-exercised left biceps

Abbreviations: 1-RM, one repetition maximum; BB, biceps brachii; CON, concentric; ECC, eccentric; EMG, electromyogram; FDI, first dorsal
interosseous; ICF, intracortical facilitation; LICI, long interval intracortical inhibition; M1, primary motor cortex; MEP, motor evoked potential; MSO,
maximum stimulator output; MVIC, maximal voluntary isometric contractions; RMS, root mean square; RMT, resting motor threshold; RPE, rating of
perceived exertion; SICI, short interval intracortical inhibition; TMS, transcranial magnetic stimulation.
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brachii, resting motor threshold (RMT) decreased after CON only (�4.2 ± 3.9%

of maximum stimulator output [MSO], p < 0.01), and intracortical facilitation

(ICF) decreased (�15.2 ± 20.0%, p = 0.038) after ECC only. For the exercised

right biceps, RMT increased after ECC (8.6 ± 6.2% MSO, p = 0.014) but not

after CON (6.4 ± 8.1% MSO, p = 0.066). Thus, unilateral ECC and CON elbow

flexor exercise modulated excitability differently for the non-exercised hemi-

sphere. These findings suggest that responses after a single bout of exercise may

not reflect longer term adaptations.

KEYWORD S
cross-education, intracortical facilitation, resting motor threshold, short interval intracortical
inhibition, strength training

1 | INTRODUCTION

Unilateral strength training can increase muscle strength
of the non-trained homologous muscle, known as the
‘cross-education’ effect. First described by Scripture and
colleagues in 1894 (Scripture et al., 1894), cross-education
has since been reported in numerous studies (for reviews,
see Carroll et al., 2006; Ruddy & Carson, 2013). Indeed,
unilateral strength training of the contralateral limb has
been postulated to benefit recovery after unilateral limb
injuries (Andrushko et al., 2018; Hendy et al., 2012;
Pearce et al., 2013) or in neurological rehabilitation set-
tings such as stroke where impairments to one limb are
evident (Ehrensberger et al., 2016). Importantly, the type
of muscle contractions (i.e. lengthening or shortening)
performed appears to affect the magnitude of cross-
education effect with greater effects observed after length-
ening (eccentric) contraction training paradigms (Kidgell
et al., 2015). Neural adaptations are thought to underpin
the cross-education effect (Carroll et al., 2006; Fimland
et al., 2009; Kidgell et al., 2015; Latella et al., 2012).

Transcranial magnetic stimulation (TMS) studies
have shown that modulation of the motor pathway for
muscles of the non-exercised side of the body occurs even
after a single bout of strength training, but the reported
changes vary (for review, see Colomer-Poveda
et al., 2019). With isometric training contractions, the
MEP of the non-exercised contralateral homologous mus-
cle was largely unchanged (Colomer-Poveda et al., 2019).
However, after a session of dynamic contractions, motor
evoked potentials (MEPs) from the non-exercised muscle
have been reported to increase, decrease or stay the same.
One influence on this response may be duration of exer-
cise and consequent fatigue of the exercised muscle. Low-
load biceps curls performed to task failure resulted in
decreased MEPs (Humphry et al., 2004; Triscott
et al., 2008), whereas the same exercise for 25% of the

time resulted in increased MEPs. A second influence may
involve matching to sensory cues as MEPs increased with
high-load biceps curls (four sets of six to eight repetitions)
performed in time to a metronome (Frazer et al., 2017;
Leung et al., 2015) but not when the contractions were
self-paced (Leung et al., 2015). For the externally paced
condition, intracortical inhibition also decreased (Leung
et al., 2015). Finally, MEPs reported as unchanged were
recorded during weak contractions (Edgley &
Winter, 2004; Leung et al., 2015), which may have
obscured any MEP decrease as contraction typically abol-
ishes post-contraction MEP depression for exercised mus-
cles (Sacco et al., 2000). Of these studies that examined
the non-exercised motor pathway after unilateral
dynamic contractions, two of them (Frazer et al., 2017;
Leung et al., 2015) used exercise that was most similar to
a strength training session with the exception of pacing
by metronome such that the concentric phase of the
biceps curl took 3 s and the eccentric phase 4 s.

Although the longer-term cross-education of strength
may be greater with eccentric than concentric unilateral
strength training programmes (Carroll et al., 2006), no
studies have yet determined whether single sessions of
concentric or eccentric phases of weight training have dif-
ferent after effects on the non-exercised motor cortex. In
preliminary support for contraction specific modulation,
our previous study (Latella et al., 2019) found that either
unilateral eccentric or concentric contractions of the
elbow flexors resulted in a post-exercise reduction in
intracortical inhibition [short-interval intracortical inhibi-
tion (SICI)] and an increase in intracortical facilitation
(ICF) in the exercised hemisphere, but these changes
were longer lasting (up to 1 h) after eccentric contrac-
tions. Additionally, eccentric contractions resulted in
reduced long interval intracortical inhibition (LICI)
(increased conditioned MEP amplitude). Potential
contraction-specific effects are also suggested by
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differences in the excitability of the hemisphere corre-
sponding to the non-exercised limb ‘during’ eccentric and
concentric contractions (Howatson et al., 2011; Uematsu
et al., 2010). MEP amplitude of the contralateral resting
limb increased more during eccentric than concentric
contractions, whereas the H-reflex was reduced similarly
for both contraction types (Edgley & Winter, 2004;
Uematsu et al., 2010), suggesting increased cortical drive
and decreased spinal excitability. Moreover, for strong
contractions, SICI was decreased more, and ICF increased
more when measured during eccentric than concentric
contractions (Howatson et al., 2011). These findings indi-
cate an increase in excitability of the ipsilateral motor cor-
tex during unilateral contractions and that this increase in
excitability in the hemisphere controlling the non-
exercised limb is greater when the unilateral contractions
are performed eccentrically. However, these responses
were obtained during the exercise itself, meaning that the
observed responses are a function of the ongoing muscle
contraction, rather than potential acute post-contraction
modulation in response to the performed exercise.

Therefore, the aim of this study was to investigate the
neurophysiological responses in both motor cortices fol-
lowing a single bout of unilateral eccentric versus concen-
tric elbow flexor exercise. Based on our previous work
(Latella et al., 2019), we hypothesised that a greater
increase in corticospinal excitability would occur in the
non-exercised limb following eccentric than concentric
unilateral exercise. This would be observed as larger
amplitude MEP and lower resting motor threshold (RMT)
and be associated with increased ICF and reduced intra-
cortical inhibition (SICI and LICI). The findings of this
study may provide further insight into the effects of uni-
lateral resistance training on the central nervous system.

2 | MATERIALS AND METHODS

2.1 | Familiarisation session

This study comprised one familiarisation session and two
experimental sessions, each separated by �1 week. The
familiarisation session served to determine participant
responses to TMS (i.e. RMT and to optimise the condi-
tioning pulse intensity for the measurement of SICI).
During familiarisation, participants were asked to per-
form maximal voluntary isometric contractions (MVIC)
of the right elbow flexors to minimise learning effects in
subsequent experimental sessions. One-repetition maxi-
mum (1-RM) right elbow flexor eccentric and concentric
strength was determined as described below. Lastly, par-
ticipants performed one set of 10 eccentric contractions
at 50% of their eccentric 1-RM. This served to induce a

protective effect against muscle damage from eccentric
contractions subsequently performed during the respec-
tive experimental session (Barreto et al., 2019). During
the experimental sessions, left and right biceps brachii
(BB) responses to peripheral nerve stimulation, and
single- and paired-pulse TMS were recorded pre- and
post-exercise. MVIC torque was measured before, imme-
diately post-exercise and �30 min post-exercise on each
day. For the exercise session, participants performed
eccentric contractions on 1 day (ECC), and on the other
day, they performed concentric contractions of the right
elbow flexors (CON) in a randomised crossover fashion.

2.2 | Participants

Eighteen right-handed individuals attended the labora-
tory for familiarisation. Four individuals were excluded
due to high RMTs, which did not allow collection of
paired-pulse data. Thus, 14 participants completed the
full testing protocol (12 males, two females) (age, 28.2
± 5.7). Previous meta-analytical investigations have
shown moderate-to-large effect size of strength cross-
transfer after repeated training sessions (Cohen’s d: 0.6)
(Manca et al., 2017). However, as such effects are
unlikely to accurately represent the sample size required
for this acute study of corticomotor responses we
recruited participants based on convenience sampling in
line with typical sample sizes in this field. All participants
reported no incidence of neuromuscular injury to the
right or left arm in the last 6 months. Written informed
consent was obtained, and both a pre-exercise medical
screening and a TMS safety questionnaire were com-
pleted. Participants with contraindications to exercise or
to TMS (Rossi et al., 2009) were excluded prior to experi-
mental participation. All procedures used were approved
by the Edith Cowan University Human Research Ethics
Committee (Project ID: 2019-00285) and conducted to the
standards set by the Declaration of Helsinki.

2.3 | Experimental protocol

On 2 days, separated by at least 1 week, single- and
paired-pulse TMS and supramaximal peripheral nerve
stimuli were delivered to evoke responses from the left
and right BB before and after either ECC or CON con-
tractions of the right elbow flexors (Figure 1a).

First, the left arm was placed in the arm bar (see set-
up below). RMT for the left BB was assessed, and then,
with the muscle at rest, stimuli were delivered at 0.2 Hz
in five sets of 16 single- and paired-pulse TMS (4 � single
pulse, 4 � SICI2, 4 � SICI3 and 4 � ICF in a randomised

VAN DER GROEN ET AL. 621
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order in each set). That is, a total of 20 of each stimulus
type were delivered pre-exercise and again at post-
exercise over each primary motor cortex M1. Prior to
each set, one stimulus over Erb’s point was also deliv-
ered. Following this, 20 paired-pulse stimuli were deliv-
ered to assess LICI (Figure 1b). Next, the right arm was
placed in the arm bar, and RMT and other TMS testing
was completed for the right BB. MVICs of the right elbow
flexors were performed. The participant moved to the
preacher bench and performed either the ECC or CON
session as described below. Immediately after the third
set of contractions, the participant moved back to the iso-
metric set-up to perform a right elbow flexor MVIC.
Then, the left (non-exercised) arm was placed in the arm
bar. RMT was assessed, and paired-pulse TMS carried out
for left BB. Finally, the right (exercised) arm was placed
in the arm bar, RMT assessed, and paired-pulse testing
completed for right BB. A final MVIC of the right elbow
flexors was performed. Testing conducted over each
M1 at each time point took �12–13 min. All experimen-
tal procedures are described in detail below.

2.4 | Experimental set-up

Participants were seated on a custom-built chair (80/20
Australia), with the shoulder and elbow of one arm
flexed to 90� and held in a custom-made device
(i.e. isometric myograph) that measured elbow flexion
torque. The forearm was secured via a Velcro strap (2 cm
in width) fastened around the wrist to an arm bar
attached to a fixed force transducer (UU-K200 200 kg,
load cell, DACELL, Korea). The myograph was moved at

times during the experiment to allow the left or right arm
to be secured. After skin preparation, surface electrodes
(Ag-AgCL) were placed on the skin over right and left BB
to measure electromyographic activity (EMG). The elec-
trodes for each EMG recording were positioned over the
middle of the muscle belly and 4–9 cm distal over the
tendon. These locations were recorded with reference to
anatomical landmarks (i.e. the anterior elbow crease with
elbow at 90� of flexion) for each participant on the famil-
iarisation day and replicated on subsequent experimental
days. EMG signals were amplified (1000�), filtered
(20 Hz–1 kHz, CED 1902 amplifier, Cambridge Elec-
tronic Designs) and digitised at 2 kHz (CED 1401) and
stored for offline analysis (CED Spike 2 V7.20 software),
whereas the torque signal was sampled at 2 kHz.

2.5 | Unilateral strength assessment and
exercise

Maximal eccentric and concentric strength (1-RM) of the
right elbow flexors was assessed during the familiarisa-
tion session. Participants were seated on a commercial
preacher curl bench and the seat and elbow pad adjusted
for each participant’s torso length. The weight
(an adjustable dumbbell) was passed to the participant
when the arm was in the starting position for either
eccentric (elbow joint angle at 90�) or concentric (elbow
joint angle at 10�) contraction. Once each repetition was
complete, the dumbbell was taken by the researcher, and
the arm moved by the participant without load back to
the starting position. The duration of each of these phases
was 3 s, and if the participant could not control the

F I GURE 1 Schematic overview of study protocol (a) and example of TMS nerve stimulation protocol delivered during each testing

block (b). CON, concentric; ECC, eccentric; ICF, intracortical facilitation; LICI, long interval intracortical inhibition; MEP, motor evoked

potential; MVIC, maximal voluntary isometric contraction; RMT, resting motor threshold; SICI, short interval intracortical inhibition (2- or

3-ms interstimulus interval); TMS, transcranial magnetic stimulation.
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movement for the duration of this period, the trial was
deemed unsuccessful. The concentric 1-RM test was per-
formed first, followed by the eccentric 1-RM test. For
each, the warm-up consisted of five and three repetitions
at an estimated 50% and 80% of perceived maximum with
1-min of rest between each set. Then single repetition
attempts were performed with 2 min of rest between each
attempt. The weight was gradually increased for each
attempt until a full repetition could not be completed
under the sole control of the participant. 1-RM values
were achieved within three to five attempts for all partici-
pants. The weights of the last successful lifts were deter-
mined as the 1-RM for concentric contraction (1-RMcon)
and eccentric contraction (1-RMecc).

The exercise protocol consisted of warm-up (one set of
10 contractions at 50% of 1-RM) and then three sets of
10, 3-s eccentric or concentric elbow flexor contractions
on a preacher curl bench using a dumbbell. The weight
used during the sessions was 75% of the maximum 1-RM
achieved for each contraction type for each participant.
This resulted in 14.9 ± 3.4 (range: 11–22) kg and 11.1
± 2.5 (9–17) kg being used for the ECC and CON sessions,
respectively. Participants were asked to report their rating
of perceived exertion (RPE), for the bicep curl task(s), dur-
ing the determination of the 1-RM on the familiarisation
day, and also after each set of exercise on both experimen-
tal days using a 0–10 numerical scale with descriptors
(0 = extremely easy to 10 = extremely hard).

Participants were given 3 min of passive rest between
sets. When the load could not be solely lifted by the par-
ticipant for 10 repetitions, a researcher provided minimal
support to complete each repetition and the set. The load
was not reduced across sets. During the ECC and CON
exercise sessions, participants were instructed to keep
their left arm hanging by their side and as relaxed as pos-
sible. The order of the two exercise conditions (ECC and
CON) were randomised across participants. During the
exercise protocol, EMG of both BB was recorded to detect
contraction of the non-exercised arm.

2.6 | MVIC torque

MVIC torque, recorded during 3-s isometric contraction
of the right arm only, was assessed pre-exercise (three tri-
als), immediately post-exercise (one trial) and at �30 min
post-exercise (one trial) on each experimental day with a
60-s recovery period between attempts. The highest peak
torque (Nm) from each time point was used for further
analysis. Prior to each trial, participants were instructed
to contract ‘as hard and as fast as possible’. Visual feed-
back of the torque signal and strong verbal encourage-
ment were provided to participants during each trial.

2.7 | Peripheral nerve stimulation

To elicit compound muscle action potentials from the left
and right BB, supramaximal electrical stimuli (pulse
duration: 200 μs; Digitimer DS8R, UK) were delivered via
surface electrodes stuck to the skin, with the cathodes
placed in the supraclavicular fossae over the brachial
plexus (Erb’s point) and the anodes posterior to the acro-
mions. For each side, the stimulus intensity was
increased until a plateau in the peak-to-peak amplitude
of EMG response in the BB was reached (MMAX). The
intensity was increased by a further 40% to account for
potential reductions in axonal excitability with fatigue
and used throughout the study (range used: 42–238 mA).

2.8 | TMS

Single- and paired-pulse TMS were delivered over the M1
representations of the left and right BB at rest. Rest was
chosen to avoid confounding factors associated with
fatigue-related changes in neural drive to the muscle dur-
ing contraction. A 70-mm figure-of-eight coil attached to
a BiStim 2002 magnetic stimulator (Magstim Co., Dyfed,
UK) was held by an investigator. The coil was held tan-
gential to the surface of the scalp with the handle point-
ing backward and laterally at 45� away from the nasion–
inion mid-sagittal line, resulting in a posterior–anterior
direction of current flow in the brain. This coil orienta-
tion is thought to be optimal for inducing the electric
field perpendicular to the central sulcus, resulting in the
stimulation of M1 neurons (Mills et al., 1992). The ‘hot-
spots’ were the sites that elicited the largest and most
consistent MEPs from each BB. Once the optimal sites
were located, they were marked on a swim cap worn by
the participant. A threshold hunting program (TMS
Motor Threshold Assessment Tool 2.0) (http://www.
clinicalresearcher.org/software.html) was used to deter-
mine the RMT before and after exercise with 95% confi-
dence. Criterion for an above threshold response was set
at 0.05 mV. To set stimulus intensities for single- and
paired-pulse testing, RMT was measured during the
familiarisation session and rechecked at the start of the
first experimental session. Stimulus intensities were then
kept constant for the first and second experimental ses-
sions regardless of any changes in RMT.

For single-pulse TMS, an intensity corresponding to
140% of RMT was used as similarly used in other
research in this muscle group (Latella et al., 2019). For
paired-pulse responses, the test pulse (140% RMT) was
preceded by subthreshold TMS at interstimulus intervals
of 2 and 3 ms for SICI2 and SICI3, respectively. For ICF,
an interstimulus interval of 10 ms was used. The

VAN DER GROEN ET AL. 623
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subthreshold conditioning stimulus intensity was set to
optimise the measurement of SICI (see Latella
et al., 2019; Ruas et al., 2020). This was first determined
during the familiarisation session and adjusted during
the set-up period of the first experimental session if
required. SICI stimulation parameters remained constant
thereafter. To set the conditioning stimulus intensity,
SICI responses were assessed using conditioning pulses
between 55 and 90% of RMT with 5% adjustments in
stimulation intensity performed in descending order. For
each tested intensity, five paired-pulse and five single-
pulse stimuli were delivered and were immediately ana-
lysed. The conditioning stimulus intensity eliciting SICI
that was �50% of the maximal inhibition achievable for
each individual was used during the experiment (68.5
± 6.5% of RMT, range: 54–87% of RMT, 41.9 ± 6.4% of
maximum stimulator output [MSO]). For LICI, pairs of
stimuli (140% RMT) were delivered with an interstimulus
interval of 100 ms.

2.9 | Data analyses

Data were analysed offline using custom-made scripts in
Matlab (Matlab 2020a, the MathWorks, Inc., USA). Peak-
to-peak amplitudes were measured between cursors set to
encompass each potential. The median amplitudes of
evoked potentials elicited by each TMS condition and of
MMAX were calculated for the left and right BB in each
participant. Median amplitudes have been used previously
to analyse TMS data, since these are less sensitive to out-
liers (Cortes et al., 2012; Krakauer et al., 2021; Van den
Berg et al., 2011). Paired-pulse responses (SICI and ICF)
are reported as the ratio of the median conditioned MEP
amplitude to median single-pulse MEP amplitude. LICI is
reported as the ratio of the median of each conditioned
MEP to the preceding test MEP. A ratio of less than one
indicates inhibition and greater than one indicates facili-
tation. To quantify pre-stimulus EMG, the signal was first
digitally filtered using a 50-Hz notch filter, and then the
root mean square amplitude of the signal over a 100 ms
time period prior to the delivery of each transcranial stim-
ulus was calculated. In order to quantify EMG activity in
the non-exercised and exercised arm during exercise, the
root mean square (RMS) amplitude over each set was cal-
culated. This value was normalised to MMAX.

2.10 | Statistical analyses

Three participants showed no loss in MVIC torque after
exercise for either the CON or ECC condition. As the
exercise did not induce fatigue, the data from these

participants were excluded from further analysis. Thus,
statistical analyses were performed for 11 participants.
Statistical analyses were performed with repeated mea-
sures ANOVAs in IBM SPSS statistics version 27.0 (IBM
Corp.). Sphericity was tested using Mauchly’s sphericity
test. If sphericity was violated, Greenhouse–Geisser cor-
rection was applied. The threshold for statistical signifi-
cance was set at p = 0.05, and all results are displayed as
mean ± standard deviation (SD) unless otherwise speci-
fied. All post hoc tests were corrected for multiple com-
parisons using Bonferroni correction. Effect sizes are
reported for each experiment in the form of partial η2

(ηp2; small ηp2 = 0.01, medium ηp2 = 0.06, large
ηp2 = 0.14; Lakens, 2013). Two-way ANOVAs with
repeated measures were used to compare between condi-
tions (ECC and CON) for changes in outcome measures
(MEP, MMAX, MEP/MMAX ratio, SICI2, SICI3, ICF and
LICI) across time (pre- and post-exercise) for the left and
right BB. For this study, the left and right hemisphere
measures were analysed independently as the recording
of acute post-exercise responses for each occurred at dif-
ferent time points. Two-way ANOVAs
(Condition � Time) with repeated measures were also
performed for MVIC torque with time points: pre-exer-
cise, post-exercise and 30-min post and for RPE after Set
1, Set 2 and Set 3. Paired-sample two-tailed t-tests were
also conducted to test for differences in 1-RM strength
between ECC and CON.

3 | RESULTS

3.1 | Elbow flexor strength, exercise and
fatigue

1-RM elbow flexor strength, tested during the familiarisa-
tion session, was greater (p < 0.001) for ECC [19.7
± 4.5 kg (range: 13.0–29.5 kg)] than CON [14.7 ± 3.4 kg
(range: 10.0–22.5 kg)]. During the exercise sessions, the
reported RPE (average of the three scores obtained after
Sets 1–3) was similar (p = 0.791) between ECC [8.8
± 0.69 (range: 8–10)] and CON [8.9 ± 0.95 (range: 8–10)].

Analysis of EMG during the exercise sets showed a
condition � set interaction for EMGRMS/MMAX

(F2,20 = 4.198, p = 0.030) in the exercised arm with lower
values during eccentric compared with concentric con-
tractions. A main effect of set was also observed
(F1,10 = 12.0072, p < 0.001), with Bonferroni-corrected
post hoc t-tests showing that EMGRMS/MMAX was greater
in Set 3 compared with Set 1 or Set 2 (t10 = 4.395 and
3.389, Pcorr < 0.001 and Pcorr = 0.009), in Set 2 compared
with Set 1 (t10 = 3.116, Pcorr = 0.015). There was no main
effect of contraction type (F1,10 = 3.13, p = 0.107). In the
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non-exercised arm, no condition x set interaction was
observed (F2,20 = 0.238, p = 0.791) for EMGRMS/MMAX

recorded during the exercise sets, nor were there effects
observed across sets (F1,10 = 2.552, p = 0.103), or
between conditions (F1,10 = 3.145, p = 0.107).

There was a main effect of time on MVIC torque
(F1,10 = 60.395, p < 0.001). Post-exercise, MVIC torque
decreased by 30.0 ± 14.1% and 38.8 ± 13.0% for CON and
ECC conditions, respectively (both Pcorr < 0.001) and was
still reduced at �30 min post-exercise (CON: �18.8
± 13.1%, ECC: �28.2 ± 14.1%, both Pcorr ≤ 0.001)
(Figure 2). There was no main effect of contraction type
(F1,10 = 3.561, p = 0.088) or an interaction (F2,20 = 3.200,
p = 0.062) on absolute MVIC torque values.

3.2 | Corticospinal excitability

For the non-exercised arm, there was a significant effect
of time on the RMT (F1,10 = 5.679, p = 0.038,
ηp2 = 0.362). Post hoc tests demonstrated a decrease by
4.2 ± 3.9% of maximum stimulator output (MSO)
(t10 = 4.055, Pcorr = 0.004) post-exercise when compared
with pre-exercise for CON, but no change following ECC
(decrease of 1.64 ± 5.6% MSO, t10 = 0.559, p = 0.588,
Figure 3a). For the exercised arm, there was a significant
effect of time on corticospinal excitability (F1,10 = 15.865,
p = 0.003, ηp2 = 0.563). Post hoc tests demonstrated a
RMT increase of 8.6 ± 6.2% MSO (t10 = �3.36, Pcorr =

0.0014) post-exercise for ECC, but the 6.4 ± 8.1% MSO
increase in RMT post-exercise for CON did not reach

significance (t10 = �2.48, Pcorr = 0.066) (Figure 3b).
There was no difference in the MEP/MMAX ratio between
conditions (ECC or CON) or changes over time (Table 1
and Figure 3c,d).

3.3 | Intracortical facilitation and
inhibition

In the non-exercised arm, there was a significant
condition � time interaction for ICF (F1,10 = 5.715,
p = 0.038, ηp2 = 0.364) with a 15.2 ± 20.0% decrease in
ICF post-exercise for ECC only (t10 = 2.556, p = 0.029)
(Figure 4a). In the exercised arm, no difference between
conditions was observed for ICF (p = 0.111) (Table 1 and
Figure 4b) with ICF being higher for CON than ECC at
baseline and post-exercise. However, there was no main
effect of time, nor was there a condition � time interac-
tion (Table 1). In the non-exercised arm, no interaction
or main effects were observed for SICI2 or SICI3
(Figure 4c,e). This was also the case for SICI2 in the exer-
cised arm (Figure 4d), whereas a main effect for condi-
tion was observed for SICI3 (F1,10 = 5.242, p = 0.045)
(Table 1 and Figure 4f). Similarly, there were no interac-
tion or main effects observed for LICI in the non-
exercised arm, but there was a main effect of condition
for LICI in the exercised arm (F1,10 = 5.946, p = 0.035)
with no interaction or main effect of time (Table 1).

4 | DISCUSSION

This study investigated TMS-evoked responses in both
M1s following unilateral ECC versus CON exercise ses-
sions of the right elbow flexors. Despite a similar magni-
tude of fatigue after each exercise, some disparities in
TMS-evoked responses were observed. RMT was reduced
for the non-exercised arm after CON, but not after the
ECC session. Conversely, ICF was reduced for the non-
exercised arm following ECC, but not the CON session.
In the M1 corresponding to the exercised arm, RMT
increased significantly after ECC exercise but not after
CON exercise. Based on previous work (Howatson
et al., 2011), we hypothesised that greater increases in
corticospinal excitability (i.e. larger amplitude MEP and
lower RMT) and intracortical facilitation (i.e. ICF) and
reduction in intracortical inhibition (i.e. SICI and LICI)
would occur following ECC than CON exercise. How-
ever, our results do not support this hypothesis nor pro-
vide further clarity about the potential for acute
neurophysiological responses to help explain the greater
cross-education effect observed with repeated eccentric
strength training.

F I GURE 2 Changes in maximum voluntary isometric

contraction torque of the exercised arm of 11 participants pre-

exercise, immediately post-exercise and �30 min after concentric

and eccentric exercise of the elbow flexors. # indicates significant

(p < 0.05) difference from pre-exercise.
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4.1 | Responses in hemisphere
associated with non-exercised arm

Modulation of post-exercise neurophysiological responses
for the non-exercised left BB (right motor cortex) showed
some disparity between CON and ECC sessions. Specifi-
cally, RMT intensity decreased by �4.2% of MSO after
CON, but not after the ECC session. This suggests
increased motor corticospinal excitability of the non-
exercised hemisphere after CON, but the reason for this
is not clear as there were no supporting changes in MEP
size nor in intracortical inhibition or facilitation. One
suggestion is that interhemispheric inhibition is reduced
during strong concentric and eccentric contractions
(Howatson et al., 2011), which may serve to increase
overall excitability of the non-exercised cortex. The
reduction in interhemispheric inhibition is postulated to
be greater during eccentric than concentric contractions
as MEP amplitude and ICF in the resting wrist flexors
were greater while muscles of the contralateral limb per-
formed eccentric contractions (Howatson et al., 2011).
Thus, we may have expected RMT to be reduced by the
same, or a greater amount, after ECC. However, it is
unclear whether the effects during contraction persist
post-contraction and whether this would influence RMT.
We did not see a difference in corticospinal excitability
measured via the MEP/MMAX ratio after CON or ECC

exercise (see Figure 4a and Table 1). Although no studies
have previously examined responses to TMS in the non-
exercised limb after solely concentric or eccentric exer-
cise, our findings are consistent with reports of no change
in biceps MEP amplitude after one session of unilateral
strength training comprising self-paced biceps curls with
both concentric and eccentric components (Leung
et al., 2015) or one session of unilateral strong isometric
contractions (Cortes et al., 2012). However, changes in
MEP amplitudes of the non-exercised muscle are seen
under other specific conditions. For example, they were
increased when biceps curls were externally paced by a
metronome (Frazer et al., 2017; Leung et al., 2015) or
decreased after low-load biceps curls were performed to
task failure (Humphry et al., 2004; Triscott et al., 2008).

Responses to paired-pulse TMS measured in the non-
exercised muscle also vary across studies. We observed a
reduction in ICF (�15%) following ECC but not CON
exercise and no changes in SICI. Similarly, ICF reduc-
tions in the left hemisphere have been reported after
fatiguing exercises with the left hand (Bäumer
et al., 2002). However, Colomer-Poveda et al. (2020)
reported no change in ICF for either hemisphere after
unilateral isometric elbow flexor contractions. For SICI,
previous studies report no ipsilateral changes after a sin-
gle session of repeated fatiguing pinch grips (Bäumer
et al., 2002), high force finger abductions (Hortob�agyi

F I GURE 3 Changes in the

stimulator intensities required to

achieve resting motor threshold (RMT)

of 11 participants before and after

concentric (CON) and eccentric

exercise (ECC) are shown in (a) for the

non-exercised left biceps brachii (right

motor cortex) and (b) for the exercised

right biceps brachii (left motor cortex).

Changes in ratio of motor evoked

potential (MEP) and maximum

compound muscle action potential

(MMAX) before and after concentric

(CON) and eccentric exercise (ECC) are

shown in (c) for the non-exercised left

biceps brachii (right motor cortex) and

(d) exercised right biceps brachii (left

motor cortex). # indicates significant

(p < 0.05) difference from pre-exercise.
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et al., 2011) or repeated thumb abductions at 35% of max-
imum (Schmidt et al., 2011). Conversely, other studies
have reported a decrease in ipsilateral SICI after metro-
nome paced, but not self-paced biceps curls (Leung
et al., 2015) and after a fatiguing handgrip task
(Takahashi et al., 2009). Additionally, the long-term corti-
cospinal responses to cross-education seem to be influ-
enced by the type of motor training (Leung et al., 2018),
where externally paced, but not self-paced exercise
increases ipsilateral corticospinal excitability and reduces
ipsilateral SICI. Given the inconsistent differences in
SICI, other measures of motor cortical interaction, such
as interhemispheric inhibition, may provide better
insight into the effect of unilateral exercise on the oppos-
ing motor cortex. Importantly, dynamic concentric and
eccentric contractions likely require different neural

control strategies compared with the tasks performed in
previous studies (Colomer-Poveda et al., 2019; Nuzum
et al., 2021); hence, direct comparison is difficult.

We were also interested to observe whether acute cor-
ticospinal and intracortical responses reflect adaptive
responses that have been shown to occur after unilateral
training interventions. In cross-education studies specifi-
cally, Kidgell et al. (2015) reported a greater MEP ampli-
tude and reduced SICI (less inhibition) after 4 weeks of
unilateral eccentric wrist flexor training. However, our
current acute findings are not reflective of these longer-
term adaptations with no change observed in either of
these outcomes. The role of altered cortical excitability in
longer-term strength cross-education is not clear. After
weeks of unilateral biceps curl training, MEPs were
increased, and SICI reduced with externally paced

TAB L E 1 Results of statistical analysis for all outcome measures

Bicepsbrachii

Concentric Eccentric

Pre Post Pre Post Interaction Condition Time

MMAX (mV) Left (non-ex) 21.9 ± 4.5 21.8 ± 4.1 22.0 ± 5.2 21.6 ± 4.5 Log F1,10 = 0.484
p = 0.502

F1,10 = 0.002
p = 0.963

F1,10 = 0.044
p = 0.839

Right (exerc) 22.4 ± 5.7 18.5 ± 6.1 22.6 ± 4.8 17.2 ± 5.9 F1,10 = 2.417
p = 0.151

F1,10 = 0.234
p = 0.639

F1,10 = 22.811
p = 0.001*

MEP (mV) Left (non-ex) 0.74 ± 1.04 0.98 ± 1.21 0.70 ± 0.74 0.70 ± 0.57 Log F1,10 = 0.709
p = 0.420

F1,10 = 0.042
p = 0.842

F1,10 = 1.150
p = 0.247

Right (exerc) 0.58 ± 0.53 0.37 ± 0.48 0.59 ± 0.42 0.38 ± 0.31 Log F1,10 = 0.026
p = 0.875

F1,10 = 1.821
p = 0.207

F1,10 = 8.306
p = 0.016*

MEP/MMAX Left (non-ex) 0.036 ± 0.045 0.0449 ± 0.049 0.0331 ± 0.037 0.0361 ± 0.035 Log F1,10 = 0.345
p = 0.570

F1,10 = 0.018
p = 0.897

F1,10 = 0.345
p = 0.570

Right (exerc) 0.028 ± 0.027 0.019 ± 0.023 0.029 ± 0.025 0.023 ± 0.020 Log F1,10 = 0.280
p = 0.608

F1,10 = 3.648
p = 0.085

F1,10 = 2.150
p = 0.173

ICF (%) Left (non-ex) 136.3 ± 26.6 150.4 ± 60.2 152.5 ± 32.4 126.8 ± 25.9 F1,10 = 5.715
p = 0.038*

F1,10 = 0.148
p = 0.708

F1,10 = 0.514
p = 0.490

Right (exerc) 133.2 ± 34.5 136.5 ± 37.8 115.0 ± 29.3 122.2 ± 31.4 Log F1,10 = 0.196
p = 0.668

F1,10 = 3.604
p = 0.087

F1,10 = 0.267
p = 0.617

SICI2 (%) Left (non-ex) 46.6 ± 24.4 55.3 ± 27.0 43.7 ± 19.6 48.8 ± 18.9 F1,10 = 0.267
p = 0.617

F1,10 = 0.460
p = 0.513

F1,10 = 2.211
p = 0.168

Right (exerc) 43.1 ± 32.9 53.9 ± 32.7 39.4 ± 24.6 45.9 ± 25.4 F1,10 = 0.605
p = 0.455

F1,10 = 2.189
p = 0.170

F1,10 = 3.024
p = 0.113

SICI3 (%) Left (non-ex) 47.0 ± 20.9 53.6 ± 23.4 53.3 ± 26.0 52.7 ± 22.7 F1,10 = 0.664
p = 0.434

F1,10 = 0.346
p = 0.569

F1,10 = 0.353
p = 0.566

Right (exerc) 43.5 ± 19.5 48.8 ± 19.5 35.7 ± 18.9 41.9 ± 16.9 F1,10 = 0.025
p = 0.878

F1,10 = 5.242
p = 0.045*

F1,10 = 1.066
p = 0.326

LICI (%) Left (non-ex) 63.3 ± 83.5 62.0 ± 61.6 48.7 ± 57.4 41.6 ± 45.1 Log F1,10 = 0.890
p = 0.368

F1,10 = 1.313
p = 0.278

F1,10 = 0.036
p = 0.854

Right (exerc) 65.5 ± 57.9 77.2 ± 52.1 51.5 ± 53.2 56.9 ± 50.2 Log F1,10 = 0.327
p = 0.580

F1,10 = 5.946
p = 0.035*

F1,10 = 1.755
p = 0.215

Notes: Log indicates analyses performed on log-transformed data. * indicates significance.
Abbreviations: Exerc, exercised biceps brachii; ICF, intracortical facilitation; LICI, long interval intracortical inhibition; MEP, motor evoked potential;
MMAX, maximum compound action potential; non-ex, non-exercised biceps brachii; SICI2, short interval intracortical inhibition (2 ms interstimulus
interval); SICI3, short interval intracortical inhibition (3 ms interstimulus interval).
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training but not self-paced training, whereas strength
showed similar improvements with both training proto-
cols (Leung et al., 2018). However, for unilateral training
of FDI with strong isometric contractions, decreases in
interhemispheric inhibition and increases in MEPs in the
non-trained FDI correlated with increases in strength
after multiple sessions (Hortob�agyi et al., 2011).

4.2 | Responses in hemisphere
associated with exercised arm

The only significant observation from the exercised right
BB (left M1) was a �7.5% increase in RMT after exercise
(see Figure 3b). Interestingly, this increase was consistent
and significant only after ECC exercise, despite a similar
level of neuromuscular fatigue noted between conditions
(MVIC decrease of �30% and �39% immediately post-
exercise for CON and ECC, respectively). However, MEP

amplitude (not normalised to MMAX) did decrease for
both conditions post-exercise (see Table 1). Similarly,
post-exercise depression of MEPs (tested in resting mus-
cle) has been reported in numerous studies (Latella
et al., 2016; Samii et al., 1996) (for a review, see Taylor &
Gandevia, 2001). Unlike a previous study however
(Latella et al., 2019), no change in intracortical inhibition
or facilitation was found from the exercised arm,
although this is not uncommon after exercise (SICI
examples: Gruet et al., 2013; Tergau et al., 2000, SICI
with CON and ECC contractions: Löscher &
Nordlund, 2002). Nevertheless, the reasons for the dispar-
ity between the current study and our previous work in
elbow flexors are not entirely clear. One possibility is the
difference in stimulation protocols used. For instance, in
the current study, we individualised the conditioning
stimulus intensity to elicit �50% of maximal inhibition
for each participant. This approach was chosen based on
previous work from our laboratory, suggesting it provides

F I GURE 4 Changes in intracortical

facilitation (ICF) of 11 participants

before and after concentric (CON) and

eccentric exercise (ECC) is shown in

(a) for the non-exercised left biceps

brachii (right motor cortex) and (b) for

the exercised right biceps brachii (left

motor cortex). Changes in short interval

intracortical facilitation with a 2-ms

(SICI2) or 3-ms interstimulus interval

(SICI3) of 14 participants before and

after concentric (CON) and eccentric

exercise (ECC) are shown in (c) and

(e) for the non-exercised left biceps

brachii (right motor cortex) and (d) and

(f) for the exercised right biceps brachii

(left motor cortex). # indicates a

significant (p < 0.05) difference from

pre-exercise.
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acceptable inter-subject variability (Ruas et al., 2020).
However, given many exercise-induced fatigue studies
report less inhibition (greater conditioned to test pulse
ratio) (Goodall et al., 2018; Maruyama et al., 2006), per-
haps using a conditioning stimulus intensity that elicited
maximum inhibition at baseline would allow better sensi-
tivity to detect reductions in inhibition. Despite this
thought, Hunter et al. (2016) used a similar conditioning
stimulus paradigm to our current study and did report
reduced SICI after exercise. Moreover, upon further anal-
ysis, baseline SICI ratios appear lower in the current
study (i.e. CON: 43.1%–43.5%, ECC: 35.7%–39.4%) despite
attempts to elicit only a moderate level of inhibition from
each individual, compared with our previous work
(CON: 50.8%, ECC: 58.7%) (Latella et al., 2019). There-
fore, it is possible that other factors such as measurement
timing (see Section 4.3) may have influenced the intra-
cortical responses observed. In the familiarisation ses-
sion, participants completed one set of 10 ECC
contractions at 50% 1-RM, although the training intensity
for the intervention part was set at 75% 1-RM. The 50%
1-RM might not have provided a strong protective effect
because the higher the intensity of the initial bout, the
greater the protective effect (Hyldahl et al., 2017). Muscle
damaging exercises do have an effect on corticospinal
excitability, which can influence cortical excitability for
3 days (Goodall et al., 2018; Pitman & Semmler, 2012).
However, in the current study, experimental sessions
were scheduled at least 1 week apart. Moreover, the pre-
exercise MVICs were not different between the two
experimental days, and experimental interventions (ECC
or CON) were counterbalanced. This suggests that there
were no lasting effects of eccentric strength exercises and
that participants started each experimental session in a
fully recovered state.

4.3 | Limitations and further
considerations

In light of the findings, we acknowledge several factors
that may have contributed, at least in part, to the overall
results. For example, convenience sampling is in line
with typical numbers of participants within the field. We
acknowledge that the sample may have been too small to
identify relatively small and transient acute effects; how-
ever, because this is the first study of its kind, our results
can be used to determine sample sizes for future studies.

Moreover, as we were primarily interested in modula-
tion of non-exercised arm (right M1), post-exercise stimu-
lation occurred over this hemisphere first. This meant
stimulation over the left hemisphere (exercised arm)
commenced �14–15 min post-exercise (accounting for

arm set-up and other factors). As studies that report
changes in corticospinal and intracortical excitability
often record responses in the first few (e.g. 3–5 min)
minutes after exercise (e.g. Latella et al., 2020), the longer
time frame in the current study may have meant that
more subtle and transient changes could not be detected.
However, we do note that our previous study comparing
TMS-evoked responses to eccentric and concentric exer-
cise (Latella et al., 2019) showed effects lasting up to 1-h
post-exercise. Hence, it is not clear why such differences
were observed between the current and previous work.
One possible factor is that the isokinetic contractions per-
formed in Latella et al. (2019) were maximal across the
entire range of motion, meaning a greater mechanical
stimulus was likely induced. In the current study, a para-
digm based on a percentage of maximum was used,
where maximum effort was intended to occur during the
last repetition of each set. Moreover, the use of a free-
weight dumbbell inevitably meant that the torque
required to overcome the resistance changed as joint
angle differed throughout each repetition. Despite this,
the reduction in MVIC post-exercise appeared to be less
in the previous study (ECC: �31%, CON: �23%) (Latella
et al., 2019). Another point to consider is that we con-
ducted a relatively high number of stimulation trials
(n = 20) for each TMS-evoked outcome measure. This
was chosen based on prior studies suggesting that a
higher number of trials are required for reliable measure-
ment (Biabani et al., 2018; Brownstein et al., 2018). How-
ever, this resulted in a prolonged time frame for each
testing block, and therefore, transient modulatory
responses may have become washed out across this
period both within the same hemisphere (e.g. first minute
of testing compared with 13th minute) and between
hemispheres. Although all stimulation types were ran-
domised (except for RMT assessment and LICI), the low
number of trials in each block (i.e. four for each stimulus
type) meant that we were not powered to analyse
whether greater modulation occurred closer to exercise
cessation. In the future, other TMS-based measures of
cross activation (e.g. interhemispheric inhibition) may
also help further elucidate any potential acute effects of
unilateral eccentric exercise. Finally, we chose to obtain
TMS measures with the trained muscle at rest to avoid
potential alterations in neural drive associated with per-
forming submaximal contractions after fatiguing exercise.
Nevertheless, it is arguable that exercise-induced changes
may be more apparent during exercise. If future studies
examine this, it will require careful consideration of the
level and type of contraction during testing and how to
match this before and after fatiguing exercise (Clos
et al., 2020; Garnier et al., 2019). Unfortunately, there
appears to be no optimal testing paradigm, especially in
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time-sensitive experiments with multiple outcome mea-
sures. Regardless, the influence of such factors on mea-
surement outcomes should at least be considered in
future research attempting to elucidate acute, transient
post-exercise responses to TMS stimulation.

5 | CONCLUSION

Collectively, the results of this study suggest that unilat-
eral fatiguing concentric and eccentric contractions
appear to elicit different effects on motor cortices corre-
sponding to the exercised and non-exercised arm, when
recorded post-exercise. However, these differences do not
appear in the expected direction (i.e. lower ICF after ECC
and lower RMT after CON exercise for the non-exercised
arm) given the known greater effects of eccentric training
on cross-education and associated neural adaptations.
Further studies are required to better understand the
effects of unilateral concentric and eccentric exercise
training on the non-exercised M1 to elucidate whether
such changes reflect the longer-term cross-education of
strength.
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Goodall, S., & Thomas, K. (2018). An optimal protocol for
measurement of corticospinal excitability, short intracortical
inhibition and intracortical facilitation in the rectus femoris.
Journal of the Neurological Sciences, 394, 45–56. https://doi.
org/10.1016/j.jns.2018.09.001

Carroll, T. J., Herbert, R. D., Munn, J., Lee, M., & Gandevia, S. C.
(2006). Contralateral effects of unilateral strength training:
Evidence and possible mechanisms. Journal of Applied Physiol-
ogy, 101, 1514–1522. https://doi.org/10.1152/japplphysiol.
00531.2006

Clos, P., Garnier, Y., Martin, A., & Lepers, R. (2020). Corticospinal
excitability is altered similarly following concentric and eccen-
tric maximal contractions. European Journal of Applied Physi-
ology, 120, 1457–1469. https://doi.org/10.1007/s00421-020-
04377-7

Colomer-Poveda, D., Hortob�agyi, T., Keller, M., Romero-
Arenas, S., & M�arquez, G. (2020). Training intensity-
dependent increases in corticospinal but not intracortical
excitability after acute strength training. Scandinavian Journal
of Medicine & Science in Sports, 30, 652–661. https://doi.org/
10.1111/sms.13608

Colomer-Poveda, D., Romero-Arenas, S., Keller, M.,
Hortob�agyi, T., & M�arquez, G. (2019). Effects of acute and
chronic unilateral resistance training variables on ipsilateral
motor cortical excitability and cross-education: A systematic
review. Physical Therapy in Sport, 40, 143–152. https://doi.org/
10.1016/j.ptsp.2019.09.006

Cortes, M., Black-Schaffer, R. M., & Edwards, D. J. (2012). Tran-
scranial magnetic stimulation as an investigative tool for
motor dysfunction and recovery in stroke: An overview for
neurorehabilitation clinicians. Neuromodulation, 15, 319–325.
https://doi.org/10.1111/j.1525-1403.2012.00459.x

Edgley, S. A., & Winter, A. P. (2004). Different effects of fatiguing
exercise on corticospinal and transcallosal excitability in
human hand area motor cortex. Experimental Brain Research,
159, 530–536. https://doi.org/10.1007/s00221-004-1978-y

Ehrensberger, M., Simpson, D., Broderick, P., & Monaghan, K.
(2016). Cross-education of strength has a positive impact on

630 VAN DER GROEN ET AL.

 14609568, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.15897 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://publons.com/publon/10.1111/ejn.15897
https://orcid.org/0000-0002-5857-9671
https://orcid.org/0000-0002-5857-9671
https://orcid.org/0000-0002-5857-9671
https://orcid.org/0000-0003-3929-9778
https://orcid.org/0000-0003-3929-9778
https://doi.org/10.1139/apnm-2018-0073
https://doi.org/10.1139/apnm-2018-0073
https://doi.org/10.3389/fphys.2019.01203
https://doi.org/10.3389/fphys.2019.01203
https://doi.org/10.1007/s00221-002-1202-x
https://doi.org/10.1007/s00221-002-1202-x
https://doi.org/10.1016/j.neulet.2018.03.026
https://doi.org/10.1016/j.jns.2018.09.001
https://doi.org/10.1016/j.jns.2018.09.001
https://doi.org/10.1152/japplphysiol.00531.2006
https://doi.org/10.1152/japplphysiol.00531.2006
https://doi.org/10.1007/s00421-020-04377-7
https://doi.org/10.1007/s00421-020-04377-7
https://doi.org/10.1111/sms.13608
https://doi.org/10.1111/sms.13608
https://doi.org/10.1016/j.ptsp.2019.09.006
https://doi.org/10.1016/j.ptsp.2019.09.006
https://doi.org/10.1111/j.1525-1403.2012.00459.x
https://doi.org/10.1007/s00221-004-1978-y


post-stroke rehabilitation: A systematic literature review.
Topics in Stroke Rehabilitation, 23, 126–135. https://doi.org/
10.1080/10749357.2015.1112062

Fimland, M. S., Helgerud, J., Solstad, G. M., Iversen, V. M.,
Leivseth, G., & Hoff, J. (2009). Neural adaptations underlying
cross-education after unilateral strength training. European
Journal of Applied Physiology, 107, 723–730. https://doi.org/
10.1007/s00421-009-1190-7

Frazer, A. K., Williams, J., Spittle, M., & Kidgell, D. J. (2017). Cross-
education of muscular strength is facilitated by homeostatic
plasticity. European Journal of Applied Physiology, 117,
665–677. https://doi.org/10.1007/s00421-017-3538-8

Garnier, Y. M., Paizis, C., & Lepers, R. (2019). Corticospinal
changes induced by fatiguing eccentric versus concentric exer-
cise. European Journal of Sport Science, 19, 166–176.
https://doi.org/10.1080/17461391.2018.1497090

Goodall, S., Howatson, G., & Thomas, K. (2018). Modulation of spe-
cific inhibitory networks in fatigued locomotor muscles of
healthy males. Experimental Brain Research, 236, 463–473.
https://doi.org/10.1007/s00221-017-5142-x

Gruet, M., Temesi, J., Rupp, T., Levy, P., Millet, G. Y., & Verges, S.
(2013). Stimulation of the motor cortex and corticospinal tract
to assess human muscle fatigue. Neuroscience, 231, 384–399.
https://doi.org/10.1016/j.neuroscience.2012.10.058

Hendy, A. M., Spittle, M., & Kidgell, D. J. (2012). Cross education
and immobilisation: Mechanisms and implications for injury
rehabilitation. Journal of Science and Medicine in Sport, 15,
94–101. https://doi.org/10.1016/j.jsams.2011.07.007

Hortob�agyi, T., Richardson, S. P., Lomarev, M., Shamim, E.,
Meunier, S., Russman, H., Dang, N., & Hallett, M. (2011).
Interhemispheric plasticity in humans. Medicine and Science
in Sports and Exercise, 43, 1188–1199. https://doi.org/10.1249/
MSS.0b013e31820a94b8

Howatson, G., Taylor, M. B., Rider, P., Motawar, B. R.,
Mcnally, M. P., Solnik, S., Devita, P., & Hortob�agyi, T. (2011).
Ipsilateral motor cortical responses to TMS during lengthening
and shortening of the contralateral wrist flexors. The European
Journal of Neuroscience, 33, 978–990. https://doi.org/10.1111/
j.1460-9568.2010.07567.x

Humphry, A. T., Lloyd-Davies, E. J., Teare, R. J., Williams, K. E.,
Strutton, P. H., & Davey, N. J. (2004). Specificity and func-
tional impact of post-exercise depression of cortically evoked
motor potentials in man. European Journal of Applied Physiol-
ogy, 92, 211–218. https://doi.org/10.1007/s00421-004-1082-9

Hunter, S. K., McNeil, C. J., Butler, J. E., Gandevia, S. C., &
Taylor, J. L. (2016). Short-interval cortical inhibition and intra-
cortical facilitation during submaximal voluntary contractions
changes with fatigue. Experimental Brain Research, 234,
2541–2551. https://doi.org/10.1007/s00221-016-4658-9

Hyldahl, R. D., Chen, T. C., & Nosaka, K. (2017). Mechanisms and
mediators of the skeletal muscle repeated bout effect. Exercise
and Sport Sciences Reviews, 45, 24–33. https://doi.org/10.1249/
JES.0000000000000095

Kidgell, D. J., Frazer, A. K., Rantalainen, T., Ruotsalainen, I.,
Ahtiainen, J., Avela, J., & Howatson, G. (2015). Increased
cross-education of muscle strength and reduced corticospinal
inhibition following eccentric strength training. Neuroscience,
300, 566–575. https://doi.org/10.1016/j.neuroscience.2015.
05.057

Krakauer, J. W., Kitago, T., Goldsmith, J., Ahmad, O., Roy, P.,
Stein, J., Bishop, L., Casey, K., Valladares, B., Harran, M. D.,
Cortés, J. C., Forrence, A., Xu, J., DeLuzio, S., Held, J. P.,
Schwarz, A., Steiner, L., Widmer, M., Jordan, K., … Luft, A. R.
(2021). Comparing a novel neuroanimation experience to con-
ventional therapy for high-dose intensive upper-limb training
in subacute stroke: The SMARTS2 randomized trial. Neuroreh-
abilitation and Neural Repair, 35, 393–405. https://doi.org/
10.1177/15459683211000730

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate
cumulative science: A practical primer for t-tests and
ANOVAs. Frontiers in Psychology, 4, 863. https://doi.org/
10.3389/fpsyg.2013.00863

Latella, C., Goodwill, A. M., Muthalib, M., Hendy, A. M., Major, B.,
Nosaka, K., & Teo, W. P. (2019). Effects of eccentric versus
concentric contractions of the biceps brachii on intracortical
inhibition and facilitation. Scandinavian Journal of Medicine &
Science in Sports, 29, 369–379. https://doi.org/10.1111/sms.
13334

Latella, C., Hendy, A. M., Pearce, A. J., VanderWesthuizen, D., &
Teo, W. P. (2016). The time-course of acute changes in
corticospinal excitability, intra-cortical inhibition and
facilitation following a single-session heavy strength training
of the biceps brachii. Frontiers in Human Neuroscience, 10,
607. https://doi.org/10.3389/fnhum.2016.00607

Latella, C., Kidgell, D. J., & Pearce, A. J. (2012). Reduction in
corticospinal inhibition in the trained and untrained limb
following unilateral leg strength training. European Journal of
Applied Physiology, 112, 3097–3107. https://doi.org/10.1007/
s00421-011-2289-1

Latella, C., van der Groen, O., Ruas, C. V., & Taylor, J. L. (2020).
Effect of fatigue-related group III/IV afferent firing on intra-
cortical inhibition and facilitation in hand muscles. Journal of
Applied Physiology, 128, 149–158. https://doi.org/10.1152/
japplphysiol.00595.2019

Leung, M., Rantalainen, T., Teo, W. P., & Kidgell, D. (2015). Motor
cortex excitability is not differentially modulated following
skill and strength training. Neuroscience, 305, 99–108.
https://doi.org/10.1016/j.neuroscience.2015.08.007

Leung, M., Rantalainen, T., Teo, W. P., & Kidgell, D. (2018). The
ipsilateral corticospinal responses to cross-education are
dependent upon the motor-training intervention. Experimental
Brain Research, 236, 1331–1346. https://doi.org/10.1007/
s00221-018-5224-4

Löscher, W. N., & Nordlund, M. M. (2002). Central fatigue and
motor cortical excitability during repeated shortening and
lengthening actions. Muscle & Nerve, 25, 864–872.
https://doi.org/10.1002/mus.10124

Manca, A., Dragone, D., Dvir, Z., & Deriu, F. (2017). Cross-
education of muscular strength following unilateral resistance
training: A meta-analysis. European Journal of Applied
Physiology, 117, 2335–2354. https://doi.org/10.1007/s00421-
017-3720-z

Maruyama, A., Matsunaga, K., Tanaka, N., & Rothwell, J. C. (2006).
Muscle fatigue decreases short-interval intracortical inhibition
after exhaustive intermittent tasks. Clinical Neurophysiology,
117, 864–870. https://doi.org/10.1016/j.clinph.2005.12.019

Mills, K. R., Boniface, S. J., & Schubert, M. (1992). Magnetic brain
stimulation with a double coil: The importance of coil

VAN DER GROEN ET AL. 631

 14609568, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.15897 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1080/10749357.2015.1112062
https://doi.org/10.1080/10749357.2015.1112062
https://doi.org/10.1007/s00421-009-1190-7
https://doi.org/10.1007/s00421-009-1190-7
https://doi.org/10.1007/s00421-017-3538-8
https://doi.org/10.1080/17461391.2018.1497090
https://doi.org/10.1007/s00221-017-5142-x
https://doi.org/10.1016/j.neuroscience.2012.10.058
https://doi.org/10.1016/j.jsams.2011.07.007
https://doi.org/10.1249/MSS.0b013e31820a94b8
https://doi.org/10.1249/MSS.0b013e31820a94b8
https://doi.org/10.1111/j.1460-9568.2010.07567.x
https://doi.org/10.1111/j.1460-9568.2010.07567.x
https://doi.org/10.1007/s00421-004-1082-9
https://doi.org/10.1007/s00221-016-4658-9
https://doi.org/10.1249/JES.0000000000000095
https://doi.org/10.1249/JES.0000000000000095
https://doi.org/10.1016/j.neuroscience.2015.05.057
https://doi.org/10.1016/j.neuroscience.2015.05.057
https://doi.org/10.1177/15459683211000730
https://doi.org/10.1177/15459683211000730
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1111/sms.13334
https://doi.org/10.1111/sms.13334
https://doi.org/10.3389/fnhum.2016.00607
https://doi.org/10.1007/s00421-011-2289-1
https://doi.org/10.1007/s00421-011-2289-1
https://doi.org/10.1152/japplphysiol.00595.2019
https://doi.org/10.1152/japplphysiol.00595.2019
https://doi.org/10.1016/j.neuroscience.2015.08.007
https://doi.org/10.1007/s00221-018-5224-4
https://doi.org/10.1007/s00221-018-5224-4
https://doi.org/10.1002/mus.10124
https://doi.org/10.1007/s00421-017-3720-z
https://doi.org/10.1007/s00421-017-3720-z
https://doi.org/10.1016/j.clinph.2005.12.019


orientation. Electroencephalogr Clin Neurophysiol Potentials
Sect, 85, 17–21. https://doi.org/10.1016/0168-5597(92)90096-T

Nuzum, N. D., Teo, W., Macpherson, H., Loughman, A., Szymlek-
Gay, E. A., & Hendy, A. (2021). Inhibition, excitation and
bilateral transfer following a unilateral complex finger-tapping
task in young and older adults. The European Journal of
Neuroscience, 54, 6608–6617. https://doi.org/10.1111/ejn.15467

Pearce, A. J., Hendy, A., Bowen, W. A., & Kidgell, D. J. (2013).
Corticospinal adaptations and strength maintenance in the
immobilized arm following 3 weeks unilateral strength
training. Scandinavian Journal of Medicine & Science in Sports,
23, 740–748. https://doi.org/10.1111/j.1600-0838.2012.01453.x

Pitman, B. M., & Semmler, J. G. (2012). Reduced short-interval
intracortical inhibition after eccentric muscle damage in
human elbow flexor muscles. Journal of Applied Physiology,
113, 929–936. https://doi.org/10.1152/japplphysiol.00361.2012

Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A.,
Avanzini, G., Bestmann, S., Berardelli, A., Brewer, C.,
Canli, T., Cantello, R., Chen, R., Classen, J., Demitrack, M., Di
Lazzaro, V., Epstein, C. M., George, M. S., Fregni, F.,
Ilmoniemi, R., Jalinous, R., … Ziemann, U. (2009). Safety,
ethical considerations, and application guidelines for the use
of transcranial magnetic stimulation in clinical practice and
research. Clinical Neurophysiology, 120, 2008–2039.
https://doi.org/10.1016/j.clinph.2009.08.016

Ruas, C. V., Taylor, J. L., Nosaka, K., Haff, G. G., & Latella, C.
(2020). A time-efficient method to determine parameters for
measurement of short-interval intracortical inhibition for
quadriceps. The European Journal of Neuroscience, 52,
4751–4761. https://doi.org/10.1111/ejn.14904

Ruddy, K. L., & Carson, R. G. (2013). Neural pathways mediating
cross education of motor function. Frontiers in Human
Neuroscience, 7, 397.

Sacco, P., Thickbroom, G. W., Byrnes, M. L., & Mastaglia, F. L.
(2000). Changes in corticomotor excitability after fatiguing
muscle contractions. Muscle and Nerve, 23, 1840–1846.
https://doi.org/10.1002/1097-4598(200012)23:12<1840::AID-
MUS7>3.0.CO;2-H

Samii, A., Wassermann, E., Ikoma, K., Mercuri, B., & Hallett, M.
(1996). Characterization of postexercise facilitation and
depression of motor evoked potentials to transcranial magnetic
stimulation. Neurology, 46, 1376–1376, 1382. https://doi.org/
10.1212/WNL.46.5.1376

Schmidt, M. W., Hinder, M. R., Summers, J. J., & Garry, M. I.
(2011). Long-lasting contralateral motor cortex excitability is
increased by unilateral hand movement that triggers electrical
stimulation of opposite homologous muscles.

Neurorehabilitation and Neural Repair, 25, 521–530. https://
doi.org/10.1177/1545968310397202

Scripture, E. W., Smith, T., & Brown, E. (1894). On the education of
muscular power and control. Studies from Yale Psychological
Laboratory, 2, 114–119.

Takahashi, K., Maruyama, A., Maeda, M., Etoh, S., Hirakoba, K.,
Kawahira, K., & Rothwell, J. C. (2009). Unilateral grip fatigue
reduces short interval intracortical inhibition in ipsilateral
primary motor cortex. Clinical Neurophysiology, 120, 198–203.
https://doi.org/10.1016/j.clinph.2008.10.003

Taylor, J. L., & Gandevia, S. C. (2001). Transcranial magnetic
stimulation and human muscle fatigue. Muscle & Nerve, 24,
18–29. https://doi.org/10.1002/1097-4598(200101)24:1<18::
AID-MUS2>3.0.CO;2-D

Tergau, F., Geese, R., Bauer, A., Bauer, S., Paulus, W., &
Reimers, C. D. (2000). Motor cortex fatigue in sports measured
by transcranial magnetic double stimulation. Medicine and
Science in Sports and Exercise, 32, 1942–1948. https://doi.org/
10.1097/00005768-200011000-00019

Triscott, S., Gordon, J., Kuppuswamy, A., King, N., Davey, N., &
Ellaway, P. (2008). Differential effects of endurance and resis-
tance training on central fatigue. Journal of Sports Sciences, 26,
941–951. https://doi.org/10.1080/02640410701885439

Uematsu, A., Obata, H., Endoh, T., Kitamura, T., Hortob�agyi, T.,
Nakazawa, K., & Suzuki, S. (2010). Asymmetrical modulation
of corticospinal excitability in the contracting and resting con-
tralateral wrist flexors during unilateral shortening, lengthen-
ing and isometric contractions. Experimental Brain Research,
206, 59–69. https://doi.org/10.1007/s00221-010-2397-x

Van den Berg, F. E., Swinnen, S. P., & Wenderoth, N. (2011).
Involvement of the primary motor cortex in controlling
movements executed with the ipsilateral hand differs between
left-and right-handers. Journal of Cognitive Neuroscience, 23,
3456–3469. https://doi.org/10.1162/jocn_a_00018

How to cite this article: van der Groen, O.,
Latella, C., Nosaka, K., Edwards, D., Teo, W.-P., &
Taylor, J. L. (2023). Corticospinal and intracortical
responses from both motor cortices following
unilateral concentric versus eccentric contractions.
European Journal of Neuroscience, 57(4), 619–632.
https://doi.org/10.1111/ejn.15897

632 VAN DER GROEN ET AL.

 14609568, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ejn.15897 by E

dith C
ow

an U
niversity, W

iley O
nline L

ibrary on [13/04/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/0168-5597(92)90096-T
https://doi.org/10.1111/ejn.15467
https://doi.org/10.1111/j.1600-0838.2012.01453.x
https://doi.org/10.1152/japplphysiol.00361.2012
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1111/ejn.14904
https://doi.org/10.1002/1097-4598(200012)23:12%3C1840::AID-MUS7%3E3.0.CO;2-H
https://doi.org/10.1002/1097-4598(200012)23:12%3C1840::AID-MUS7%3E3.0.CO;2-H
https://doi.org/10.1212/WNL.46.5.1376
https://doi.org/10.1212/WNL.46.5.1376
https://doi.org/10.1177/1545968310397202
https://doi.org/10.1177/1545968310397202
https://doi.org/10.1016/j.clinph.2008.10.003
https://doi.org/10.1002/1097-4598(200101)24:1%3C18::AID-MUS2%3E3.0.CO;2-D
https://doi.org/10.1002/1097-4598(200101)24:1%3C18::AID-MUS2%3E3.0.CO;2-D
https://doi.org/10.1097/00005768-200011000-00019
https://doi.org/10.1097/00005768-200011000-00019
https://doi.org/10.1080/02640410701885439
https://doi.org/10.1007/s00221-010-2397-x
https://doi.org/10.1162/jocn_a_00018
https://doi.org/10.1111/ejn.15897

	Corticospinal and intracortical responses from both motor cortices following unilateral concentric versus eccentric contractions
	Authors

	Corticospinal and intracortical responses from both motor cortices following unilateral concentric versus eccentric contrac...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Familiarisation session
	2.2  Participants
	2.3  Experimental protocol
	2.4  Experimental set-up
	2.5  Unilateral strength assessment and exercise
	2.6  MVIC torque
	2.7  Peripheral nerve stimulation
	2.8  TMS
	2.9  Data analyses
	2.10  Statistical analyses

	3  RESULTS
	3.1  Elbow flexor strength, exercise and fatigue
	3.2  Corticospinal excitability
	3.3  Intracortical facilitation and inhibition

	4  DISCUSSION
	4.1  Responses in hemisphere associated with non-exercised arm
	4.2  Responses in hemisphere associated with exercised arm
	4.3  Limitations and further considerations

	5  CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


