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HIGHLIGHTS 
• The effects of bi-hemispheric a-tDCS on 
modulating corticospinal excitability and motor 
function were studied. 
• A single-session of submaximal grip training 
with or without high-definition bi-hemispheric a-
tDCS did not influence maximal grip force. 
• Bi-hemispheric a-tDCS produces does not 
improve maximal grip force nor does it affect 
the excitability of the M1. 
 
ABBREVIATIONS 
AMT Active motor threshold 
AURC Area under the recruitment curve 
CS Conditioning stimulus 
ECRB Extensor carpi radialis brevis 
FCR Flexor carpi radialis 
ICF Intracortical facilitation 
ISIs Interstimulus intervals 
LICI Long-intracortical inhibition 
M1 Motor cortex 
MEP Motor-evoked potential 
MMAX No further increase observed in 
 the amplitude of the sEMG 
 response	 
MVIC Maximum voluntary isometric  
 contraction 
ηp2 Partial eta-squared 
rms Root-mean-square 
sEMG Surface electromyography 
SICI Short-interval intracortical 
 inhibition 
ST Strength training 
TCDS Transcranial direct current 
 stimulation 
TMS Transcranial Magnetic Stimulation 
TS Test stimulus 
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BACKGROUND: Previous studies suggest that cross-education of strength may be modulated by increased 
corticospinal excitability of the ipsilateral primary motor cortex (M1) due to cross-activation. Conventional 
anodal-transcranial direct current stimulation (TDCS) has been shown to acutely increase bilateral cortical 
excitability and impart a cross-education effect. However, no study has examined the influence of bilateral TDCS 
of both M1 (i.e., ipsi- and contralateral M1) and how it affects corticospinal excitability, cross-activation and 
cross-education of muscle strength. 
METHOD: Twelve participants (8 women and 4 men; aged 18-50 years) underwent three conditions in a 
randomized crossover design: (1) submaximal grip training and single-site unilateral-high definition-TDCS 
(ipsilateral to the training side) (2) submaximal grip training and bilateral anodal-high definition-TDCS, and (3) 
submaximal grip training and sham-high definition-TDCS. Submaximal gripping task involved a single-session of 
unilateral training which was squeezing the transducer at 70% of maximum voluntary isometric contraction 
(MVIC) grip force and performing four sets of 10 isometric contractions held steadily for 5 seconds. Anodal-high 
definition-TDCS was applied for 15 min at 1.5 mA over right M1 (unilateral single-site) or left and right M1s 
(bilateral), and in a sham condition during submaximal grip training. Participants were pseudorandomized to 
receive either single-site or bilateral M1 stimulation with each session separated by one-week. Before and after 
each session, MVIC force of ipsilateral and contralateral gripping, ipsilateral stimulus-response curve, short-
interval intracortical inhibition (SICI), cortical silent period (CSP), intracortical facilitation (ICF), long-interval 
intracortical inhibition (LICI), and cross-activation were measured, using transcranial magnetic stimulation (TMS) 
targeting the wrist flexor/extensor muscles. 
RESULTS: MVIC of the trained arm decreased by 43% (P = 0.04) after training. We observed no changes in 
MVIC of the untrained hand and in any of the TMS measures (all P > 0.05). 
CONCLUSION: A single session of submaximal grip training with or without anodal-high definition-TDCS 
produces no cross-education of maximal grip force nor does it affect the excitability of the ipsilateral M1. 
 
KEYWORDS: Cross-education | Transcranial direct current stimulation | Ipsilateral motor cortex | Short-interval 
intracortical inhibition | Strength training 
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INTRODUCTION 

Cross-education of muscle strength is the increase in strength of an untrained 
contralateral limb following a period of unilateral strength training.1 The most recent 
evidence, from a meta-analysis of 31 randomized controlled trials, reported an increase in 
contralateral strength of 8.2 - 17.7% following unilateral strength training of the upper and 
lower limbs.2 As the contralateral increase in strength likely occurs in the absence of any 
detectable changes in muscle hypertrophy,3 the increase in strength of the untrained limb 
has been attributed to adaptations in the central nervous system.4 Several studies have 
used Transcranial Magnetic Stimulation (TMS) to determine the underlying 
neurophysiological mechanisms underpinning cross-education following dynamic 
(concentric and eccentric)5,6,7 and isometric unilateral strength training.8 According to TMS 
studies, the ‘untrained’ motor cortex (M1), ipsilateral to the trained limb or “ipsilateral M1”, 
plays a critical role in mediating the cross-transfer effect.5,6,7,9,10 Recent TMS studies found 
short-term changes in the excitability of the ipsilateral M1 and a reduction in intracortical 
inhibition following both  a single bout and short-term unilateral strength training.5,6,7,8 
Interestingly, similar to the strength training literature,11 the ipsilateral TMS responses to 
cross-education are not consistent.4 Several studies have reported no change in the 
ipsilateral TMS responses,12,13,14 whilst others have reported increased ipsilateral M1 
excitability and reduced intracortical inhibition. 8,15,16  

Irrespective of the above, it has been suggested that changes in excitability of the 
ipsilateral M1 could be due to neural mechanisms associated with cross-activation.17,18,19 
Cross-activation is based upon the observation that unilateral muscle actions result in a 
bilateral increase in corticospinal excitability 9,17,20,21,22 and a decrease in intracortical 
inhibition of the ipsilateral M1.18,23 However, a limitation with the previous cross-education 
TMS studies is that the strength training task and the conditions in which TMS is tested are 
different. For example, the strength training is usually dynamic, while TMS testing often 
occurs during isometric actions, thus, there appears to be a lack of specificity when 
determining the ipsilateral M1 responses following cross-education.24,25 Recent 
experimental data now suggest that studies using TMS to assess the neuromuscular 
responses to a strength training intervention should use testing modalities that more 
closely replicate the characteristics of the strength-training intervention.26 Interestingly, 
Hortobágyi et al.8 examined the effects of isometric strength training on cross-education 
and showed increased ipsilateral M1 excitability and inter-hemispheric inhibition when the 
training and testing conditions were identical. To date, because there is only one cross-
education study where training and testing was the same, a major focus of the present 
study was to examine the magnitude of cross-activation in a context specific to both the 
strength training task and the conditions of TMS testing. 

To enhance the cross-education effect from strength training, it is possible that the 
magnitude of cross-activation could be optimized following non-invasive brain stimulation 
techniques such as transcranial direct current stimulation (TDCS).24,25 However, to date, 
there have only been two studies24,25 that have tried to identify the priming effects of 
ipsilateral anodal- M1 TDCS (ipsilateral to motor training) prior to strength training on the 
contralateral increases in strength, corticospinal excitability and decrease in inhibition. 
Interestingly, the findings of these studies suggested that ipsilateral anodal-TDCS could be 
used as a potential priming technique to enhance the cross-education effect.24,25 
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Transcranial direct current stimulation can be used to induce lasting bidirectional 
excitability changes in the corticospinal tract.27,28,29 Applying a constant low electrical 
current via small electrodes positioned over the M1, anodal-TDCS is thought to change the 
threshold of depolarization of neurons and thereby increase corticospinal excitability, 
contributing to mechanisms of long-term potentiation and long-term depression.27,28,29,30,31 
Furthermore, TDCS can be used to modulate the excitability of the intrinsic micro-circuits 
of the M1. A recent systematic review and meta-analysis in healthy subjects indicated that 
a single session of TDCS decreased short-interval intracortical inhibition (SICI) and 
increased intracortical facilitation (ICF).32 However, despite this encouraging finding, there 
are no studies that have examined the effects of applying high-definition TDCS prior to or 
during unilateral strength training. High-definition TDCS provides a more focused electric 
field when compared to traditional TDCS.33 While the previous cross-education TDCS 
studies have used a conventional form of TDCS with large electrode sizes on the 
ipsilateral M1,24,25 a major focus of the current study was to utilize high-definition TDCS to 
target the M1 using smaller electrodes and increasing the focus of stimulation.  

Despite previous research examining the effect of stimulating the ipsilateral M1 
during or prior to strength training,24,25 there is no study to date that has examined the 
effects of bilateral M1 (i.e., ipsi- and contralateral M1) stimulation on cross-education. It is 
now well established by imaging studies that there is a distributed cortical region that is 
active during ipsilateral limb movement.34,35 Prominently, these studies highlighted the role 
of the ipsilateral M1 in addition to the contralateral M1 for the execution of unilateral motor 
tasks. For example, Chiou et al.36 reported increased bilateral cortical activity of the M1 
during unilateral motor tasks, as determined by TMS. This finding suggests a prominent 
role of the ipsilateral M1 in addition to the contralateral M1 in the execution of unilateral 
motor tasks.  

Neurophysiological support for these possibilities stem from emerging evidence 
that multi-focal stimulation over functionally-connected regions of the distributed motor 
network leads to a greater enhancement in corticospinal excitability than single-site 
stimulation of the M1 alone.37,38 For example, Fischer et al.37 compared two electrode 
montages: a traditional montage targeting M1 and an eight-electrode montage targeting 
M1 and its associated resting state network. Surprisingly, multifocal TDCS increased 
corticospinal excitability more than double compared to traditional TDCS. These findings 
lead to the hypothesis that bilateral TDCS of M1 during strength training could enhance the 
cross-education of MVIC grip force.   

Therefore, the primary aim of this study was to examine the effect of priming the 
left and right M1 (bilateral) using anodal- high-definition-TDCS concurrently during a single 
bout of unilateral strength training to determine the efficacy of this technique on modulating 
the cross-education of strength. A secondary aim was to determine the ipsilateral 
corticospinal responses, in particular cross-activation following the TDCS conditions. It was 
hypothesized that bilateral high-definition-TDCS would increase bilateral cortical 
excitability and this would facilitate the cross-education of maximal force. 

 
EXPERIMENTAL PROCEDURES  
 
Study design 

Participants completed the experimental protocol as outlined in Figure 1. After 
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obtaining consent, in a randomized cross-over design, participants were exposed to three 
conditions. Each participant was exposed to 15 minutes of bilateral anodal- high-definition-
TDCS, unilateral anodal- high-definition-TDCS and sham-high-definition-TDCS of the M1 
during a single strength training (ST) session that involved submaximal isometric grip 
training (bilateral anodal-high-definition-TDCS + ST, unilateral anodal-high-definition-TDCS 
+ ST and sham high-definition-TDCS + ST, respectively). The order of the conditions was 
counterbalanced and randomized between participants, with a washout period of 1 week 
between each condition.24. All participants underwent TMS and isometric strength testing 
(maximum voluntary isometric contraction) of the right and left hand before and after the 
TDCS and ST interventions (Figure 1). The order of testing hands was randomized. 

 

Figure 1. Experimental protocol. Subjects participated in three experimental sessions. Neurophysiological 
assessments obtained before and after anodal TDCS and ST. Pre – and post-measures included 
assessments of peripheral muscle excitability (MMAX), maximum voluntary isometric contraction (MVIC), 
corticospinal excitability input-output curve, cross-activation, corticospinal silent period, short interval 
intracortical inhibition (SICI), intracortical facilitation (ICF), and ling-interval intracortical inhibition. 

 
Participants 

All volunteers provided written informed consent before participation in the study, 
which was approved by the Monash University Human Research Ethics Committee 
(project number: 19936) in accordance with the standards by the Declaration of Helsinki. 
Sample size calculations were established using previous acute cross-education data in 
healthy untrained adults.24,25 Based upon our previous work, we estimated that ten 
participants in each condition would provide at least 80% power (95% confidence interval) 
to detect an 8.5% cross-transfer of strength and 8% increase in ipsilateral corticospinal 
excitability using a repeated measures design (G*Power 3.1.7 software). In this regard, 12 
participants (8 women and 4 men), aged 18-50 years (mean ± SD = 34.34 ± 8.46 years) 
and body mass index of 23.72 ± 4.10 kg.m-2 volunteered to participate in the study. All 
volunteers provided written informed consent before participation in the study. All 
participants were right-hand dominant as determined by the Edinburgh Handedness 
Inventory39 with a Laterality Quotient score of 92 ± 4, and had not participated in strength 
training for a minimum of 12 months. Exclusion criteria included a history of any psychiatric 
or neurological disorder, seizure, any musculoskeletal pain or disorder especially in upper 
quadrant, or current pregnancy. Before the experiments, all participants completed the 
adult safety screening questionnaire to determine their suitability for TMS and TDCS.40  
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Isometric strength testing 
Maximum voluntary isometric contraction (MVIC) force was measured using a grip 

force transducer (ADInstruments MLT004/ST, Australia). Participants were instructed to sit 
on a chair with an armrest, the shoulder abducted at 45º, elbow flexed at 90º and the 
forearms rested on a chair rest whilst their hand was in a neutral position. The participant 
was then instructed to squeeze the transducer by cylindrical power grip as forcefully as 
possible for three seconds. Three attempts, with a 2-minute rest between each attempt, 
were performed. The standard criteria for measurement of MVICs were fulfilled and 
included a period of familiarization (before data collection); verbal encouragement was 
provided by the investigators during MVICs, and real-time force feedback was provided to 
the participants on a computer screen directly in front of them. 
 
Strength Training Protocol 

Participants completed supervised submaximal grip training while receiving 
anodal-TDCS and sham-TDCS. Using the same setup as the MVIC testing, participants 
completed a submaximal cylindrical power gripping task of the right hand. Participants 
were instructed to sit on a chair with an armrest, their shoulder abducted 45º, elbow flexed 
at 90º and their forearms rested on a chair rest whilst their hand was in a neutral position. 
The participant was then instructed to squeeze the transducer at 70% of MVIC grip force 
(force feedback was provided to each participant by setting force targets [a running line] 
that represented each participant’s 70% MVIC) and to perform four sets of 10 isometric 
contractions held steadily for 5 seconds.41 The recovery interval between contractions and 
sets were 10 and 90 seconds, respectively. The participants received visual force 
feedback for the duration of the strength training session through a monitor in front of them. 
The participants were instructed to rapidly produce force at contraction onset and match 
their force output as closely as possible to the force tracing during each 5 second 
contraction. During each contraction, the participants were required to relax the 
contralateral limb, whereby mirror surface electromyography (sEMG) was recorded. sEMG 
activity was recorded from the left untrained wrist flexors and extensors to determine the 
magnitude of mirror sEMG activity as a percent of maximum root-mean-square (rms) EMG. 
Maximum rms EMG was obtained during maximum grip testing of the left untrained limb 
during baseline testing conditions. 
 
High definition -Transcranial Direct Current Stimulation 

For anodal-high-definition-TDCS, 3.14 cm2 PiStim electrodes (Neuroelectrics, 
Barcelona, Spain) were embedded within an electroencephalography42 cap using the 10-
20 electrode placement system. The configuration was chosen based on previous 
published methodologies.43,44 In the unilateral M1 condition, ipsilateral to the training side, 
the anode was placed over C4 and the return electrodes (cathodes) at FC6, T8 and CP6. 
In the bilateral M1 condition, anodes were placed over C3 and C4, with return electrodes 
at FC5, T7, CP5, FC6, T8 and CP6. Anodal-TDCS (electrodes placed at C3 and C4) was 
delivered at 1.5 mA (current density of 0.478 mA/cm2) for 15 min (30 second ramp-up and 
10 second ramp-down period at the beginning and end of stimulation, respectively). In the 
sham condition, participants were pseudorandomized to receive either unilateral M1 or 
bilateral M1 stimulation. In the sham condition, the current was ramped up for 30 seconds 
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and then ramped down to 0 mA and then, in the last 10 seconds, the stimulus returned and 
ramped down to 0 mA to give the illusion of stimulation to the participant. 

 
Surface electromyography 

The area of electrode placement was shaved to remove fine hair, rubbed with an 
abrasive skin gel to remove dead skin, and then cleaned with 70% isopropyl alcohol. 
sEMG was recorded from the right flexor carpi radialis (FCR) and extensor carpi radialis 
brevis (ECRB) muscles using bipolar Ag-AgCl electrodes according to SENIAM guidelines. 
The sites of measurement for the FCR and ECRB were determined by marking the skin 
two-thirds of the distance between the medial epicondyle of humerus and base of 
metacarpals II and III, and lateral epicondyle of humerus and dorsal surface of the base of 
metacarpals II and III, respectively. This mark was then extended to the point of the muscle 
bulk, and the electrodes were placed 2 cm apart, with a ground electrode secured on the 
dorsum of the wrist. sEMG signals were measured with an impedance meter to ensure 
impedance did not exceed 10 kΩ prior to testing. sEMG signals were amplified (×1,000), 
bandpass filtered (high pass at 13 hz, low pass at 1,000 Hz), digitized online at 2 kHz for 1 
second, recorded and analysed using Powerlab 4/35 (ADInstruments, Australia).  
 
Transcranial magnetic stimulation 

Transcranial magnetic stimulation was delivered to the untrained limb using a 
Magstim 2002 stimulator (Magstim Co, United Kingdom) and a single figure-of-eight coil 
(external diameter of each loop 70 mm). Sites near the estimated centre of the right FCR 
and ECRB area (motor hotspot) were explored to determine the cortical region that 
produced the largest MEP amplitude. Once the hotspots were identified, active motor 
threshold (AMT) was established as the intensity at which at least 5 of 10 stimuli produced 
MEP amplitudes of greater than 200 µV45 during a low-level isometric contraction. After 
the TDCS and unilateral strength-training intervention, AMT was retested and adjusted if 
required. To ensure all stimuli were delivered to the optimal motor hotspot throughout 
testing, the position of the coil was marked with semi-permanent ink on the motor hotspots. 

All stimuli were delivered during low-level isometric contraction of the FCR and 
ECRB muscles, which were performed by maintaining 20° of wrist flexion and extension.15 
These positions equated to 1 ± 0.2% of rmsEMG, and consistent muscle activation was 
confirmed by recording pre-stimulus rmsEMG throughout testing.15 In order to ensure the 
optimal joint position was obtained by the participants, joint angle was measured with a 
twin axis electronic goniometer (ADInstruments, Australia), with visual feedback provided 
on a screen visible to both the participant and the researcher.46 

We examined both “single-pulse TMS” which is used to assess corticospinal 
excitability and “paired pulse TMS”, to assess GABAA-mediated SICI, GABAB-mediated 
LICI and glutamatergic ICF. 
 
Single-pulse TMS induced MEPs 

Single-pulse TMS was used to assess corticospinal excitability of the untrained 
FCR and ECRB muscles. Stimulus-response curves were constructed to determine 
corticospinal excitability (MEP amplitude) and corticospinal inhibition (cortical silent period 
duration) for the untrained contralateral FCR. The stimulus intensities used to establish the 
TMS recruitment curves were determined for each individual according to their AMT before 
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and after the training intervention. At each stimulus intensity, 10 stimuli were delivered 
over the right M1, with the percentage of stimulator output applied in a pseudo-randomized 
manner. Specifically, 10 stimuli were given at stimulus intensities of 120, 130, 150, and 
170 % of AMT.47 Each stimulus was delivered in random intervals every 10 to 12 seconds 
to avoid stimulus anticipation, and 30 seconds rest was provided between each set of 
stimuli to reduce the possibility of muscle fatigue. With the same protocol as the agonist 
muscle of the untrained limb, but with a different hot spot, we also assessed corticospinal 
excitability in the antagonist muscle (ECRB) of the untrained limb using single-pulse TMS 
induced MEPs at 120% and 130% of AMT. 
 
Intracortical excitability and inhibition 

Intracortical excitability and inhibition were measured in the left FCR and ECRB by 
a TMS paired-pulse protocol, including 30 stimuli, and interstimulus intervals (ISIs) of 3, 10, 
and 100 ms in random order. In this protocol, short-intracortical inhibition (SICI, 3 ms), and 
intracortical facilitation (ICF, 10 ms) were assessed by combining a subthreshold 
conditioning stimulus (CS: 80% AMT) with a suprathreshold test stimulus (TS: 120% AMT). 
Long-intracortical inhibition (LICI, 100 ms) was assessed by using two suprathreshold test 
stimuli (TS: 120% AMT). 
 
Cross-activation 

To determine cross-activation of the FCR and ECRB, three stimuli were delivered 
to the right M1 hotspot at 130% AMT during a gripping MVIC task. Participants were 
required to meet their target MVIC, with maximal force feedback provided. On average, 
participants completed three MVICs with 60 seconds rest in between each. The condition 
in which cross-activation was obtained was identical to the condition of the strength-
training intervention and the condition in which MVIC force was determined.8 

 
Maximum Compound Muscle Action Potential 

Direct muscle responses were obtained from the left untrained FCR and ECRB 
muscles by supramaximal electrical stimulation (pulse width 200 µs) of the brachial plexus, 
while holding 1% ± 0.2% of the FCR and ECRB rmsEMG (DS7A, Digitimer, UK). This low 
level of muscle activity was used to match the conditions under which TMS was 
delivered.25 The stimulation site that produced the largest M-wave was located by 
positioning the bipolar electrodes on Erb’s point. An increase in current strength was 
applied to the brachial plexus until there was no further increase observed in the amplitude 
of the sEMG response (MMAX). To ensure maximal responses, the current was increased 
an additional 20%, and the average MMAX was obtained from five stimuli, with a period of 
6–9 seconds separating each stimulus. MMAX was recorded at baseline and following the 
TDCS and strength training intervention to control for possible changes in peripheral 
muscle excitability that could influence MEP amplitude. 
 
Data Analysis 

Pre-stimulus rmsEMG activity was determined in the untrained FCR and ECRB 
muscles 100 ms prior to each TMS stimulus during pre- and post-testing. Any trial in which 
pre-stimulus rmsEMG exceeded 5% of maximal rmsEMG was discarded and the trial was 
repeated. The peak-to-peak amplitude of MEPs evoked as a result of stimulation was 
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measured in the left FCR and ECRB muscles contralateral to the cortex being stimulated 
in the period 10-50 ms after stimulation. MEP amplitudes were analysed (LabChart 8 
software, ADInstruments, Australia) after each stimulus was automatically flagged with a 
cursor, providing peak-to-peak values in µV, averaged and normalized to the maximum 
compound wave (MMAX), and multiplied by 100.  

Silent period durations were obtained from single-pulse stimuli delivered at 120–
170% AMT during a low-level isometric contraction (1.0 ± 0.2% of maximal rmsEMG of the 
untrained FCR and ECRB muscles). The duration between the onset of the MEP and the 
resolution of background sEMG was visually inspected and manually cursored, with the 
experimenter blinded to each condition and the average from ten stimuli used to determine 
silent period duration.48 

In addition, the total area under the recruitment curve (AURC) was calculated with 
the method of trapezoidal integration using the data collected during the construction of 
corticospinal excitability and inhibition recruitment curves for the untrained left FCR muscle. 
The data obtained from the AURC are presented as arbitrary units.20 

 
Statistical Analysis 
The target sample size was based on a priori calculation, which included the observed 
effect size from our previous experiments.24,25 In previous experiments, samples sizes 
around 10 have been adequate to observe statistically significant changes in motor-evoked 
potentials (MEPs) and SICI following unilateral strength training.49 

All data were first screened to ensure they were normally distributed. To have 
sufficient data to test for questions of normality, all data from baseline MEPs, SICI, ICF, 
LICI, MVIC trials were used to establish the distributional properties. There were no 
variable z-scores of skewness or kurtosis. A one-way analysis of variance (ANOVA) was 
used to compare baseline neurophysiological measures between the three intervention 
conditions (sham high-definition-TDCS + ST, unilateral high-definition-TDCS + ST, and 
bilateral high-definition-TDCS + ST). A split-plot in time repeated measures ANOVA was 
used to calculate the effect of each CONDITION (sham high-definition-TDCS + ST, 
unilateral anodal high-definition-TDCS + ST and bilateral anodal high-definition-TDCS + 
ST) on voluntary strength and the indices of cortical plasticity (AURC for corticospinal 
excitability, AURC for corticospinal inhibition, ICF, SICI, LICI and cross-activation). 
Significant main effects and interactions were examined further using one-way repeated 
measure ANOVAs and Bonferoni-adjusted pairwise comparisons. To assess the 
magnitude of effects, partial eta-squared (ηp2) were calculated. There were no outliers, as 
assessed by examination of studentized residuals for values greater than ±3. All data are 
presented as mean ± SD. 
 
RESULTS  
 
Pre-stimulus rmsEMG and MMAX 

Table 1 presents the mean (± SD) AMT stimulus intensity, MMAX amplitude, single-
pulse and paired-pulse pre-stimulus rmsEMG before and after sham high-definition-TDCS 
+ ST, unilateral anodal high-definition-TDCS + ST, and bilateral anodal high-definition-
TDCS + ST for FCR and ECRB muscles. Single-pulse and paired-pulse pre-stimulus 
rmsEMG, AMT stimulation intensity, and MMAX were similar between the three conditions at 
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baseline for both FCR and ECRB muscles (P > 0.05), indicating consistent values across 
the three conditions prior to the intervention. There were no TIME or TIME × CONDITION 
interactions detected for single and paired-pulse pre-stimulus rmsEMG, AMT stimulation 
intensity, or MMAX for both the FCR and ECRB muscles (P > 0.05). 

 
Maximal Voluntary Isometric Contraction Force 

Table 2 presents the MVIC force for the right and left FCR and ECRB muscles 
before and after sham-high-definition-TDCS + ST, unilateral anodal-high-definition-TDCS + 
ST, and bilateral anodal-high-definition-TDCS + ST. There were no differences in MVIC 
force at baseline between sham-high-definition-TDCS + ST, unilateral anodal-high-
definition-TDCS + ST, and bilateral anodal-high-definition-TDCS + ST of the left (F(2, 33) = 
0.003; P = 0.99) and right (F(2, 33)= 0.03; P = 0.96) limbs. Repeated measure two-way 
ANOVA revealed that there was a significant main effect for TIME (F(1, 11) = 8.14, P = 0.02, 
ηp2 = 0.43) and a TIME × CONDITION interaction (F(2, 22) = 5.47; P = 0.01, ηp2 = 0.33). 
Repeated measure one-way ANOVA revealed that there was a significant difference 
between the trained right limb MVIC force post unilateral anodal-high-definition-TDCS + ST 
and sham-high-definition-TDCS + ST (P = 0.008), with a mean difference between 
conditions of - 41.5 N (95% CI, -71.6 to -11.3). For the untrained left limb, repeated 
measure two-way ANOVA revealed that there were no significant main effects for TIME 
(F(1, 11) = 0.10, P =0.76, ηp2 = 0.01) or any TIME × CONDITION interactions (F(2, 22) = 0.18, 
P = 0.83, ηp2 = 0.02). 

 

 

Table 1 – Mean (± SD) for AMT stimulus intensity, MMAX and single-pulse TMS pre-stimulus rmsEMG before and after sham TDCS + ST, unilateral TDCS + ST, and 
bilateral TDCS + ST 

TDCS = transcranial direct current stimulation, AMT SI = active motor threshold stimulus intensity, TMS = transcranial magnetic stimulation, FCR = flexor carpi radialis, 
FCR SP rmsEMG = flexor carpi radialis single-pulse root mean square electromyography, FCR PP rmsEMG = flexor carpi radialis paired-pulse root mean square 
electromyography, ECR = extensor carpi radialis brevis, ECR SP rmsEMG = extensor carpi radialis brevis single-pulse root mean square electromyography, ECR PP 
rmsEMG = extensor carpi radialis brevis paired-pulse root mean square electromyography, rmsEMGMAX = root mean squared electromyography maximum. 

 Sham TDCS 
+ STPRE 

Sham TDCS 
+ STPOST 

Unilateral TDCS 
+ STPRE 

Unilateral TDCS 
+ STPOST 

Bilateral TDCS 
+ STPRE 

Bilateral TDCS 
+ STPost 

FCR AMT SI (%) 41 ± 6 42 ± 6 41 ± 5 41 ± 4 40 ± 6 40 ± 7 
ECR AMT SI (%) 40 ± 6 39 ± 5 40 ± 6 40 ± 5 39 ± 5 39 ± 4 

FCR SP rmsEMG (% 
rmsEMGMAX) 1.2 ± 1 0.94 ± 0.46 1 ± 0.62 1 ± 0.70 0.95 ± 0.41 1.20 ± 0.74 

FCR PP rmsEMG (% 
rmsEMGMAX) 1.3 ± 1.3 0.95 ± 0.60 1.14 ± 0.86 1 ± 0.75 0.98 ± 0.57 1 ± 0.76 

ECR SP rmsEMG (% 
rmsEMGMAX) 1.5 ± 0.75 2.3 ± 0.75 1.3 ± 1 1.2 ± 0.50 1.6 ± 1.2 1.5 ± 0.92 

ECR PP rmsEMG (% 
rmsEMGMAX) 1.2 ± 0.65 1 ± 0.68 1.1 ± 0.87 0.93 ± 0.44 1.2 ± 0.80 1.1 ± 0.77 

FCR MMAX (mV) 4.1 ± 1.2 5.1 ± 2 5 ± 1.7 5.1 ± 1.9 4.4 ± 1.09 4.3 ± 1.2 
ECR MMAX (mV) 4.6 ± 2.5 5.1 ± 3 5.3 ± 2.9 5.9 ± 3.5 5.8 ± 3.6 5.9 ± 4.2 
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MEP AURC FCR 

The MEP AURC for the untrained FCR muscle was similar between conditions at 
baseline (F(2, 20) = 1.43, P = 0.26). There were no main effects for TIME (F(1, 8) = 0.05, P = 
0.83, ηp2 = 0.01) or any TIME × CONDITION interactions detected (F(2, 16) =1.14; P = 0.33, 
ηp2 = 0.13) (Table 3, and Supplementary material Figure 2). 

 

 
Cortical Silent Period Duration AURC 

The cortical silent period AURC for the FCR muscle was similar between 
conditions at baseline (F(2,20) = 0.15; P = 0.87). There were no main effects for TIME (F(1,8) 
= 0.43, P = 0.53, ηp2 = 0.05) or TIME × CONDITION interactions detected (F(2, 16) = 1.96; P 
= 0.17, ηp2 = 0.2; Supplementary material Figure 3). 
 
Intracortical Facilitation 

ICF for the FCR muscle was inhibited in six participants and thus these 
participants were excluded from the analysis. ICF was similar between conditions at 
baseline (F(2, 10) = 1.719, P = 0.23); however, there were no main effects for TIME (F(1, 5) = 
8.01, P = 0.07, ηp2 = 0.72) or any TIME × CONDITION interactions detected (F(2, 10) = 1.67; 
P = 0.27, ηp2 = 0.35; Supplementary material Figure 4). 
 
Short-Interval Cortical Inhibition 

The SICI ratio was facilitated in three participants, thus they were excluded from 
further analysis. SICI was similar between conditions at baseline (F(2, 16) = 2.84, P = 0.09) 
and there were no main effects for TIME (F(1, 8) = 0.99, P = 0.36, ηp2 = 0.14) or any TIME × 

Table 2 – Mean (± SD) for right and left MVIC before and after sham TDCS + ST, unilateral TDCS + ST, and bilateral TDCS + ST 

 N = newtons, MVIC= maximum voluntary isometric contraction. * Denotes significant difference in MVIC force post compared to sham TDCS + Strength training 
(P < 0.05). 

 Sham TDCS 
+ STPRE 

Sham TDCS 
+ STPOST 

Unilateral TDCS 
+ STPRE 

Unilateral TDCS 
+ STPOST 

Bilateral TDCS 
+ STPRE 

Bilateral TDCS 
+ STPOST 

Right MVIC (N) 382 ± 156 326 ± 129 383 ± 121 368 ± 120* 395 ± 130 352 ± 127 
Left MVIC (N) 355 ± 145 359 ± 153 358 ± 147 362 ± 153 360 ± 153 357 ± 153 

Table 3 – Mean (± SD) for MEP AURC and Silent Period AURC, ICF, SICI and LICI before and after before and after sham TDCS + ST, unilateral TDCS 
+ ST, and bilateral TDCS + ST 

 MEP = motor-evoked potentials, AURC = area under the recruitment curve, ICF = intracortical facilitation, SICI = short-interval cortical inhibition, LICI = 
long-interval cortical inhibition. 

 Sham TDCS 
+ STPRE 

Sham TDCS 
+ STPOST 

Unilateral TDCS 
+ STPRE 

Unilateral TDCS 
+ STPOST 

Bilateral TDCS 
+ STPRE 

Bilateral TDCS 
+ STPost 

MEP amplitude 
AURC (Au) 1532 ± 576 1284 ± 650 1226 ± 567 1396 ± 1009 1452 ± 706 1333 ± 708 

Silent Period 
Duration AURC 

(Au) 
4.7 ± 1.1 4.8 ± 0.9 4.5 ± 1.3 4.7 ± 1.3 4.3 ± 0.8 4.2 ± 0.8 

ICF (% Test 
Response) 150.8 ± 61.9 148.3 ± 63.5 116.2 ± 10.9 142.1 ± 70.8 125.8 ± 35.0 122.8 ± 21.8 

SICI (% Test 
Response) 52.5 ± 23.2 41.9 ± 22.2 43.2 ± 19.4 43.9 ± 22.8 52.2 ± 23.4 56.1 ± 20.5 

LICI (% Test 
Response) 40.77 ± 18.3 52.0 ± 19.1 48.4 ± 21.1 48.9 ± 25.1 42.4 ± 27.5 40.0 ± 22.5 
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CONDITION interactions detected (F(2, 16) = 1.14, P = 0.35, ηp2 = 0.16; Supplementary 
material Figure 5). 

 
Long-Interval Cortical Inhibition 

The data of three participants were facilitated and were excluded from further 
analysis. The LICI ratio for the FCR muscle was similar between conditions at baseline (F(2, 
16) = 1.32; P = 0.30) and there were no main effects for time (F(1,8) = 3.34, P = 0.11, ηp2 = 
0.30) or any TIME × CONDITION interactions detected (F(2, 16) = 0.29, P = 0.75, ηp2 = 0.04; 
Supplementary material Figure 6). 

 
Cross activation 

Cross-activation for the FCR muscle was similar between conditions at baseline 
(F(2, 20) = 0.01, P =0.96) and there were no main effects for time (F(1,10) = 2.93, P = 0.12, ηp2 
= 0.23) or any TIME × CONDITION interactions detected (F(2, 20) = 1.24, P = 0.31, ηp2 = 
0.11;  Supplementary material Figure 7). 

 
Mirror sEMG 

We also examined whether submaximal grip training of the right hand affected the 
degree of mirror sEMG activity in the contralateral untrained left wrist flexors and extensors. 
Averaged across the three intervention conditions, there were no differences in mirror 
sEMG activity for the flexor muscles (2.07%, 95% CI, 0.98 to 3.15%, F(2, 22) = 0.23, P = 
0.80, ηp2 = 0.02) or extensors muscles (1.89%, 95% CI, 0.93 to 2.86%, F(2, 22) = 0.56, P = 
0.58, ηp2 = 0.05). 
 
ECR muscle 
 
Corticospinal excitability 

Table 4 presents the MEP, ICF and SICI data for left ECRB muscles before and 
after sham-high-definition-TDCS + ST, unilateral anodal-high-definition-TDCS + ST, and 
bilateral anodal-high-definition-TDCS + ST. The MEP amplitude at 130% AMT for the 
ECRB muscle was similar between conditions at baseline (F(2, 22) = 1.40, P = 0.27). There 
was no main effect for time (F(1, 11) = 0.02, P = 0.89, ηp2 = 0.00) or any TIME × 
CONDITION interaction detected (F(2, 22) = 1.31, P = 0.29, ηp2 = 0.11; Table 4). 
 
Short-Interval Intracortical Inhibition 

The SICI ratio was facilitated in nine participants, thus they were excluded from 
further analysis. Due to small numbers of included data, no further analysis was performed. 
 
Long-Interval Intracortical Inhibition 

The LICI ratio was facilitated in all of the participants, thus this data was excluded 
from further analysis. 
 
Intracortical Facilitation 

The ICF ratio was inhibited in nine participants, thus they were excluded from 
further analysis. Due to small numbers of included data, no further analysis was performed. 
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Cross activation 

Cross-activation for the ECRB muscle was similar between conditions at baseline 
(F(2, 22) = 0.16, P = 0.85). There was no main effect for TIME (F(1, 11) = 2.33, P = 0.17, ηp2 = 
0.23) or any TIME × CONDITION interaction detected (F(2, 22) = 0.35, P = 0.71, ηp2 = 0.04). 

 
DISCUSSION 
 

The primary aim of this study was to determine if one session of submaximal grip 
strength training produces a cross-education effect and whether this cross-education effect 
could be enhanced by anodal-high-definition-TDCS. The secondary aim was to determine 
if measures of ipsilateral M1 excitability could account for any cross-education effects, 
enhanced or not by anodal-high-definition-TDCS. Overall, we found no differences in 
muscle strength and/or changes in corticospinal excitability and inhibition across any of the 
high-definition-TDCS conditions for the untrained limb. Our results indicate that a single 
session of isometric grip training and anodal-high-definition-TDCS had no effect on 
modulating the excitability of the intrinsic micro-circuitry of the M1, which is in contrast to 
previous anodal-TDCS strength training studies.24,25,50 We suggest that there are several 
factors that have contributed to the discrepancies between the results of the current study 
and of the previous studies listed above. 
 
Acute submaximal isometric grip training does not provoke cross-education 

Practicing ballistic motor skills with one limb can improve ballistic motor 
performance of the contralateral untrained limb following a single training session.51,52,53 
Further, unlike the ballistic motor skill training literature, the present findings suggest that 
submaximal grip training of one limb is insufficient to induce cross-education. This finding 
is in agreement with previous cross-education studies whereby a single session of strength 
training of the FDI and biceps brachii was inadequate to provoke cross-education.8,41 
Similar to the strength training data, Mason et al.54 observed significant increases in 
maximal strength following three strength training sessions, whilst Hortobágyi et al.8 
showed that at least five training sessions were required to induce cross-education, which 
is a similar finding to Carr et al.41, who reported increased contralateral strength following 
six training sessions. However, it was hypothesized that the application of anodal-high-
definition-TDCS may enhance the cross-education effect which has previously been 
reported following a single session.24,25  

The lack of cross-education could be due to the type of strength training employed 
(submaximal isometric grip training) and the fact that the strength of the trained limb 
decreased following training. This is important for two reasons. First, in agreement with 

Table 4 – Mean (± SD) for MEP, ICF, SICI of the ECR before and after before and after sham TDCS + ST, unilateral TDCS + ST, and bilateral TDCS + ST 

MEP = motor-evoked potentials, ICF = intracortical facilitation, SICI = short-interval cortical inhibition. 

 Sham TDCS 
+ STPRE 

Sham TDCS 
+ STPOST 

Unilateral TDCS 
+ STPRE 

Unilateral TDCS 
+ STPOST 

Bilateral TDCS 
+ STPRE 

Bilateral TDCS 
+ STPost 

MEP (% of MMAX) 23.6 ± 9.5 24.2 ± 15.6 16.5 ± 10 17.9 ± 7.6 18.2 ± 12.7 14.52 ± 5.7 
ICF (% Test 
Response) 163 ± 72.6 107.9 ± 10.3 144.4 ± 34.9 132.5 ± 22.9 162.3 ± 65.7 127.1 ± 24.18 

SICI (% Test 
Response) 56.5 ± 27.3 54.2 ± 20.6 65.1 ± 16.4 71.7 ± 22.5 68.47 ± 23.5 69.5 ± 20.71 
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determining the time-course that provokes cross-education, the magnitude of strength 
gained in the untrained limb is related to the amount of strength gained in the trained limb.2 
Thus, the decrease in MVIC grip force of the trained limb, most likely negated any cross-
education. Secondly, we reported no changes in cross-activation following any of the 
conditions, but particularly following the sham condition. There is experimental data to 
suggest that, as a result of fatigue, there is an increase in bilateral cortical activity.55 
Despite the fact that MVIC grip force was reduced following all conditions and that we 
observed no change in cross-activation, there may be other mechanisms at play that 
modulate cross-education. For example, it is possible that ipsilateral MEPs induced by 
cross-activation remained unchanged due to a modification in the balance between 
maximal force production (during cross-activation) and recruitment gradation of motor units 
of the FCR muscle. In distal upper limb muscles, such as the FCR, only a limited number 
of additional motor units become activated at force levels at or higher than 50% MVIC.56 
Thus, at higher force levels, and given the time-course of after-hyperpolarization (i.e., an 
exponential decline until the resting membrane potential), the chance that a TMS pulse 
reaches a motoneuron during the refractory period or at the initial segment of the after-
hyperpolarization increases, suggesting that the motoneuron pool is less likely to be 
responsive to the TMS pulse. 

Nevertheless, the type of exercise employed may also explain the null finding of 
this study.8,57,58 Several studies have examined the corticospinal responses in the 
ipsilateral M1 following a single session of strength training.8,57,58,59,60 Collectively, the 
results from these studies are inconsistent, with some studies reporting an increase in 
corticospinal excitability and a decrease in SICI57,58 following dynamic training (biceps 
curls), whilst others have reported no changes in CSE, SICI, CSP, ICF and inter-
hemispheric inhibition of ipsilateral M1 following isometric strength training.8,59,61 The result 
of our study is similar to the latter studies, suggesting that a single session of submaximal 
grip training had no effect on the ipsilateral corticospinal responses. Previously, it has been 
suggested that dynamic rather than isometric contractions activate the ipsilateral M1 more 
strongly and sustainably throughout the contraction.10 Interestingly, two previous studies 
that used anodal-TDCS with strength training also used a dynamic, rather than an 
isometric training protocol.24,25 Thus, the absence of a cross-education effect could be 
related to the training task employed and likely explains the discrepancy between the 
current result and the previous ones.24,25 It has previously been reported that cross-
activation is greater following dynamic compared to isometric muscle actions, with the 
suggestion that there could be greater neural resources required for programming and 
planning of dynamic compared to isometric training.62 It could also be related to inhibitory 
and facilitatory influences from the dorsal premotor and posterior parietal cortices in the 
contralateral M1 and ipsilateral M1.63 
 
High-definition multi-focal TDCS does not affect measures of ipsilateral M1 
excitability 

We hypothesized that if high-definition-TDCS provoked cross-education, then 
changes in ipsilateral M1 excitability may account for this effect. However, our findings are 
in contrast with the previously reported findings whereby TDCS facilitated measures of 
ipsilateral M1 excitability and provoked cross-education.24,25 
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There are several reasons that may explain these null effects. First, there is 

experimental data available that suggests a lack of change in the ipsilateral M1 responses 
could be due to response variability following TDCS.64,65,66 While anodal-TDCS has been 
proposed as a method to induce corticospinal excitability, there is a body of evidence that 
clearly shows, even when the same TDCS protocols are used, that there is a significant 
individual variability in the corticospinal responses, with about one-half of the subjects 
failing to respond to the stimulation in the expected manner.64,65,66 Indeed, our data 
supports this notion, whereby the individual responses to the intervention displayed a wide 
range of variability in the TMS responses. Despite this, there are several factors known to 
influence the effectiveness of TDCS including, but not limited to, biological factors such as 
different ages, genetics, gender67,68 and anatomical factors such as variances in individual 
brain anatomy such as skull thickness and cerebrospinal fluid.69,70 In addition, different 
electrode montages used during the application of TDCS could also influence the effect of 
TDCS by varying the distributed electrical field on the cerebral cortex.  

The current study used anodal-high-definition-TDCS as opposed to the previous 
strength-training TDCS studies that used conventional TDCS.24,25,50 Generally, smaller 
stimulating electrodes (high-definition-TDCS) have been found to produce a more focused 
electrical field33,71,72 compared to larger-size electrodes (conventional TDCS) which induce 
a more dispersed electrical field across the scalp and likely stimulate cortical tissue beyond 
the target area.69,73,74 While high-definition-TDCS induces targeted and focused electrical 
fields, recent evidence has revealed that the focused current flow patterns are more 
susceptible to individual differences,75 thus intensifying the existing high inter-individual 
variability in response to TDCS. This is a notion supported by the current study.  

Another important difference that should be noted is that previous studies have 
used different testing conditions compared to the training interventions.24,25 In fact, in both 
Hendy and Kidgell24 and Frazer et al.25 studies, the modulation of the corticospinal tract 
was measured during isometric activity, despite their training protocol being dynamic. It 
has been suggested that there should be a degree of task-specific testing to ensure that 
the task-dependent response of the corticospinal tract is similar between testing and 
training.26 In the current study, we specifically chose an isometric training task, so we could 
more precisely match the muscle actions during training and TMS testing. 
 
Limitations of the study 

There are several limitations to the present study that must not be overlooked 
when interpreting the results. First, we did not include an experimental condition that only 
involved bilateral and unilateral anodal-high-definition-TDCS, thus it remains unclear 
whether high-definition-TDCS alone differentially modulates ipsilateral and contralateral 
corticospinal excitability. This was principally not included due to Covid-19, but it should be 
acknowledged that previous evidence suggested that dual-site anodal-high-definition-
TDCS modulates corticospinal excitability to a greater magnitude compared to unilateral 
anodal-TDCS.38 In addition, we only examined the cortical responses from the untrained 
hemisphere and not the trained hemisphere. Understanding the corticospinal responses of 
the trained hemisphere may have provided greater insight into the null experimental effects 
of the untrained hemisphere. It is possible that the corticospinal responses to strength 
training may have involved some level of change in the intrinsic properties of the 
motoneurons and changes in cortical connectivity, which we were unable to identify. Thus, 
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there is a need to develop cross-education studies that utilize an integrated combination of 
contemporary and novel experimental approaches which include several techniques (e.g., 
TMS, EEG and Imaging) as these are likely to expand our current knowledge about the 
range and nature of the neural adaptations that are evoked by cross-education.76 
 
CONCLUSION 

 
In conclusion, a single session of submaximal grip training with or without anodal-

high-definition-TDCS produces no cross-education of maximal grip force nor does it affect 
the excitability of the ipsilateral M1. 
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