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Background: Transcranial direct current stimulation (tDCS) is a non-invasive brain
stimulation technique that utilizes weak direct currents to induce polarity-dependent
modulation of corticospinal excitability. Although tDCS exerts a modulatory effect over the
stimulation region, several studies have also demonstrated that distal areas of the brain
connected to the region of stimulation may also be affected, as well as the contralateral
hemisphere. Objective: We examined the effect of a single session of anodal tDCS on
corticospinal excitability and inhibition of both the stimulated and non-stimulated hemisphere
and examined the influence of these responses by the brain-derived neurotrophic factor
(BDNF) polymorphism. Methods: In a randomized cross-over design, changes in corticospinal
excitability and inhibition of the stimulated and non-stimulated hemispheres were analysed in
13 participants in both the dominant and non-dominant primary motor cortex (M1).
Participants were exposed to 20 min of anodal and sham tDCS and also undertook a blood
sample for BDNF genotyping. Results: TMS revealed a bilateral increase in corticospinal
excitability irrespective of which hemisphere (dominant vs non-dominant) was stimulated (all
P < 0.05). Furthermore, the induction of corticospinal excitability was influenced by the
BDNF polymorphism. Conclusion: This finding shows that anodal tDCS induces bilateral
effects in corticospinal excitability irrespective of hemispheric dominance. This finding
provides scientists and medical practitioners with a greater understanding as to how this
technique may be used as a therapeutic tool for clinical populations. 
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Introduction
Altering the excitability of cortical neurons using electrical stimulation has been of particular
interest for scientific and medical communities for over a decade [1]. Transcranial direct current
stimulation (tDCS) has emerged as a popular non-invasive brain stimulation (NIBS) technique
which involves the application of weak direct currents to the scalp. Transcranial magnetic
stimulation (TMS) studies have revealed that tDCS over the primary motor cortex (M1) elicits
temporary modifications in corticospinal excitability in a polarity-specific manner [2,3]. Anodal
tDCS induces facilitatory effects on motor-evoked potentials (MEPs), while cathodal tDCS leads to
inhibitory effects [3].
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tDCS is believed to modulate the resting membrane potential of the pyramidal neurons in layer 5 
[3-5] with a single session of tDCS (current intensities of 0.6 mA to 2 mA) applied for 5-20 mins
increasing corticospinal excitability for up to 90 min post stimulation [3,6-9]. The after-effects of
tDCS is well documented, with the general consensus attributing changes in synaptic strength due
to the modulation of the N-Methyl-D-aspartate (NMDA) receptor [10]. Pharmacological studies have
highlighted the importance of the NMDA receptor whereby the after-effects of anodal tDCS were
suppressed when using the NMDA receptor antagonist dextromethorphane [11,12].

There has been extensive research examining the changes in M1 plasticity following anodal tDCS 
[3,6-9], whereby TMS was used to measure indices of M1 plasticity on the stimulated hemisphere.
Interestingly, other NIBS techniques have shown to modulate not only the intended stimulated
tissue but also distal connecting tissue and structures, as well as the opposite non-stimulated
hemisphere [13]. Critically, emerging evidence from TMS studies show diverse findings regarding
the direction of excitability of the non-stimulated hemisphere following various NIBS techniques 
[13-17]. Specifically, repetitive transcranial magnetic stimulation (rTMS) at 1 Hz and paired
associative stimulation (PAS) has shown to increase excitability of both the stimulated and non-
stimulated M1 [13,18,19] and decrease interhemispheric inhibition (IHI) between the left and right
M1[9]. Similarly, Lang et al. [16] found that 10 min of anodal and cathodal tDCS at 1 mA modulated
transcallosal inhibition. However, this finding was not accompanied by a bilateral increase in M1
excitability, with only an increase in MEP amplitude seen in the stimulated M1. In contrast, various
protocols using intermittent theta bust stimulation (iTBS) have shown increases in corticospinal
excitability of the stimulated hemisphere and a decrease in corticospinal excitability of the non-
stimulated hemisphere [14,15,17]. Importantly, many of these studies used a dominant M1
arrangement whereby the stimulated hemisphere was the dominant M1 (left) and non-stimulated
hemisphere was the non-dominant M1 (right). Previously, it has been shown that the non-dominant
hemisphere has lower motor thresholds, higher MEPs [20] and shorter cortical silent period
durations [21], suggesting a hemispheric difference in baseline characteristics. An interesting
question to address is whether the magnitude of bilateral corticospinal plasticity is affected by the
direction of stimulation (dominant vs non-dominant M1 stimulated), and, if there is a greater scope
for the induction of corticospinal plasticity of the non-dominant hemisphere.

Interestingly, studies have reported that the modulation of corticospinal excitability and inhibition
following NIBS techniques has been accompanied by improvements in motor performance [7,22,23]
, in particular the cross-transfer of motor skills [24]. Recently, Hendy et al. [25] reported an
increase in maximal strength and cross-activation to the contralateral untrained limb (left hand)
following a single session of anodal tDCS applied to the ipsilateral right M1 during strength
training of the right hand. Given that the cross-transfer of strength following training is thought to
be due to an increase in excitability of the ipsilateral M1 [26], it would be apparent that the
bilateral effects of anodal tDCS need to be clearly understood. Indeed, if anodal tDCS increases
excitability in both the stimulated and non-stimulated hemispheres, this NIBS technique may be
vital to further exploit the cross-transfer phenomenon in clinical settings. Conversely, if anodal
tDCS decreases excitability of the non-stimulated hemisphere, it may counteract the cross-transfer
effect by either reducing the capacity of the strength gained in the training arm or the adaptations
within the ipsilateral M1.

It appears that individual corticospinal responses to tDCS are highly variable and the BDNF
polymorphism has been identified as a potential contributing factor [27-29]. The influence of the 
BDNF polymorphism on the induction of M1 plasticity has also been observed following other NIBS
techniques such as rTMS [28,30] and in older adults following anodal tDCS [29]. Critically, to our
knowledge, there are no studies of whether the BDNF polymorphism influences the induction of
corticospinal plasticity to the non-stimulated hemisphere, and, if the change in corticospinal
excitability is proportional to the stimulated hemisphere. Therefore, the purpose of this study was
to examine the effect of a single session of anodal tDCS on indices of corticospinal excitability and
inhibition of both the stimulated and non-stimulated hemisphere. In particular, we examined
corticospinal excitability/inhibition and the influence on these responses by the BDNF
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polymorphism. We hypothesized that induction of experimentally-induced corticospinal plasticity
(increased cortical excitability and reduced cortical inhibition) would be evident in both the
stimulated and non-stimulated M1 regardless of which hemisphere was stimulated (dominant vs
non-dominant), but the magnitude of these responses would be influenced by the BDNF
polymorphism.

Materials and Methods
  Participants  

Thirteen participants (5 women, 8 men aged 18-35 years) volunteered to participate. All volunteers
provided written informed consent prior to participation in the study, which was approved by the
Human Research Ethics Committee in accordance with the standards by the Declaration of
Helsinki. All participants were right-hand dominant as determined by the Edinburgh Handedness
Inventory [31] with an LQ score of 86 ± 5 and were free from any known history of peripheral or
neurological impairment. Prior to the experiment, all participants completed the adult safety
screening questionnaire to determine their suitability for TMS and tDCS [32].

  Experimental approach  

Figure 1 outlines the organization of the study. After obtaining consent, participants completed a
familiarization session 1 week prior to the study and were exposed to single-pulse TMS. In a double-
blinded cross-over design, all participants were exposed to 20 min of anodal tDCS over the
dominant (anode over the left M1; Figure 2i) and non-dominant (anode over right M1; Figure 2ii)
M1, and, 20 min of sham tDCS (half the participants using the dominant M1 arrangement, the other
half using the non-dominant M1 arrangement). The order of the conditions was counterbalanced
and randomized between participants, with a wash-out period of 1 week between each condition 
[33]. Both tDCS conditions followed the identical testing protocol as shown in Figure 1 for the right
and left Biceps Brachii (BB) muscles. Similarly, the order of muscle testing (right and left BB
muscles) was counterbalanced and randomized between participants. All participants underwent
TMS prior to and following the tDCS intervention. Participants were required to attend 3 separate
sessions where they were exposed to 20 min of anodal (dominant M1 and non-dominant M1
arrangements) and sham tDCS applied at 2 mA with a current density of 0.08 mA/cm2.

Figure 1. Schematic representation of the experimental design with measures obtained prior and following sham and
anodal tDCS (dominant and non-dominant M1 stimulation). Pre and post measures included assessment of peripheral muscle
excitability (M-waves), corticospinal excitability and corticospinal inhibition of the stimulated and non-stimulated
hemispheres. 
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Figure 2. Schematic representation of the two tDCS electrode arrangements used. (i) dominant M1 stimulation whereby
the anode was fixed over the optimal cortical representation of the right BB muscle and the cathode was placed over the
right contralateral supra orbital area (ii) non-dominant M1 stimulation whereby the anode was fixed over the optimal
cortical representation of the left BB muscle and the cathode was placed over the left contralateral supra orbital area. 

  Root mean square electromyography and maximal voluntary
isometric contraction  

To determine the maximal root mean square of the surface EMG (rmsEMG) of both the right and
left BB muscles, participants were seated in a chair, shoulders relaxed with their elbow flexed at 90
degrees. With the hand supinated and the force transducer (Futek Force Transducer LSB302,
Melbourne) positioned over the middle aspect of the palmar surface of the hand, the participant
was instructed to push up against the transducer as forcefully as possible for 3 sec. Three trials
were performed; each trial was 3 sec in duration, separated by 3 min rest to minimize fatigue. The 
rmsEMGduring maximal voluntary isometric contractions (MVIC) was calculated from a 500 ms
segment occurring during the peak asymptote of MVIC force [34]. The greatest force output and
corresponding surface EMG served as the MVIC and maximalrmsEMG.

  Surface electromyography  

The area of electrode placement was shaven to remove fine hair, rubbed with an abrasive skin gel
to remove dead skin, and then cleaned with 70% isopropyl alcohol. Surface electromyography
(sEMG) was recorded from the right and left BB muscles using bipolar Ag-AgCl electrodes. The site
of measurement was determined by marking the skin two thirds of the distance between the
acromion and the lateral epicondyle, while the participant stood relaxed in the anatomical position 
[35]. This mark was then extended to the most anterior point of the muscle bulk, and as described
by Wilson et al. [36] the electrodes were placed 2 cm apart over the mid-belly of the BB, with a
ground electrode secured on the lateral epicondyle of the Humerus. sEMG signals were amplified
(x1000), band pass filtered (high pass at 13 Hz, low pass at 1000 Hz), digitized online at 2 kHz,
recorded (1 sec), and analyzed using Power Lab 4/35 (AD Instruments, Bella Vista, Australia).
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  Transcranial magnetic stimulation  

TMS was delivered using a Magstim 2002 stimulator (Magstim Co, Dyfed, UK) and a single figure-of-
eight coil (external diameter of each loop 70 mm). The motor hotspot for the right and left BB
muscles (with posterior-to anterior-induced current flow in the cortex) was determined, and active
motor threshold (AMT) was established as the intensity at which at least 5 of 10 stimuli produced
motor evoked potential (MEP) amplitudes of greater than 200 μV in the right and left BB muscles
respectively. Following the tDCS intervention, AMT was retested and adjusted if required. To
ensure all stimuli were delivered to the optimal motor hotspot throughout testing, participants
wore a tight-fitting cap marked with a latitude-longitude matrix, positioned with reference to the
nasion-inion and interaural lines.

During a low-level isometric contraction of the right and left BB muscles (4 ± 1% of maximal 
rmsEMG), 10 single-pulse stimuli were delivered at 150% and 170% AMT. Participants were
required to maintain an elbow joint angle of 90 degrees elbow flexion. Joint angle was measured
with an electromagnetic goniometer (ADInstruments, Bella Vista, Australia), with visual feedback
provided on a screen visible to both the participant and the researcher [37]. This joint position
equated to 4 ± 1% of maximal rmsEMG, with consistent muscle activation confirmed by recording
pre-stimulus rmsEMG for the 100-ms epoch before the delivery of each stimulus (Table 1).

   Sham tDCS    DH atDCS    N-DH atDCS
Pre Post Pre Post Pre Post P value

  AMT SI
(%)

Stimulated
M1

41.54 ± 9.01 42.50 ± 9.37 44.31 ± 6.74 44.54 ± 6.67 41.46 ± 6.81 42.39 ± 6.59 0.28

Non-
Stimulated
M1

45.08 ±
10.67

45.00 ±
10.60

41.77 ± 6.30 41.69 ± 6.23 44.00 ± 7.03 43.39 ± 7.35 0.98

   Mwave
(mV) 

Stimulated
M1

9.41 ± 4.72 9.53 ± 5.11 8.92 ± 2.84 8.96 ± 2.84 9.46 ± 3.35 9.42 ± 3.31 0.30

Non-
Stimulated
M1

10.67 ± 6.05 10.81 ± 6.23 11.05 ± 5.15 11.13 ± 5.51 11.56 ± 5.80 11.59 ± 5.94 0.36

  SP
rmsEMG
(%
MVICMAX)

Stimulated
M1

4.26 ± 2.12 4.65 ± 2.81 3.78 ± 2.27 4.48 ± 1.87 3.50 ± 2.16 3.69 ± 1.69 0.68

Non-
Stimulated
M1

3.72 ± 1.69 3.53 ± 2.12 3.84 ± 2.12 3.76 ± 2.37 3.41 ± 1.55 3.26 ± 1.55 0.99

Table 1. Mean (± SD) for AMT stimulus intensity, MMAX and single-pulse TMS pre-stimulus rmsEMG for the stimulated and
non-stimulated M1 prior to and following sham and anodal tDCS (dominant and non-dominant M1 stimulation). DH atDCS:
anodal tDCS applied over the dominant M1; N-DH atDCS: anodal tDCS applied over the non-dominant M1; AMT SI: active
motor threshold stimulus intensity. Single pulse (SP) rmsEMG was pooled across both intensities (150% and 170% AMT). 
P values represent the 3 (conditions) x 2 (hemisphere) x 2 (time) repeated measures ANOVA used to determine any
differences between conditions, hemispheres and time for the dependant variables AMT stimulus intensity, MMAX and single-
pulse TMS pre-stimulus rmsEMG. 

  Maximum compound muscle action potential  

Direct muscle responses were obtained from the right and left BB muscles by supramaximal
electrical stimulation (pulse width, 200 µs) of the brachial plexus at Erbs point (DS7A; Digitimer,
Hertfordshire, United Kingdom). The stimuli were delivered while the participant sat in an upright
position, with the elbow at 90 degrees elbow flexion holding 4 ± 1% of maximal rmsEMG. This low
level of muscle activity was used to match the conditions under which TMS was delivered. An
increase in current strength was applied to Erbs point 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 s separating each stimulus. MMAX was recorded at baseline and following the tDCS intervention
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to control for possible changes in peripheral muscle excitability that could influence MEP
amplitude.

  Transcranial direct current stimulation  

In all tDCS conditions, participants received 20 min of tDCS delivered by a battery-driven constant
current transcranial direct current stimulator (NeuroConn, Ilmenau, Germany). Stimulation was
delivered by a pair of conductive rubber electrodes (anode 25 cm2; cathode 35 cm2; current density
0.08 mA/cm2 ) each soaked in saline solution (0.9% NaCl) and secured on the head with a rubber
strap [2]. Anodal tDCS involved 20 min at 2 mA stimulation intensity, with a current density of 0.08
mA/cm2. For the dominant M1 arrangement, the anode was fixed over the optimal cortical
representation of the right BB muscle, as identified by TMS over the left cortex, and the cathode
was placed over the right contralateral supra orbital area. For the non-dominant M1 arrangement,
the anode was fixed over the optimal cortical representation of the left BB muscle, as identified by
TMS over the right cortex, and the cathode was placed over the left contralateral supra orbital area
(Figure 2i and ii ). To ensure consistency of the site of stimulation, the participant’s head was
marked with a latitude-longitude matrix, positioned with reference to the nasion-inion and
interaural lines. Both the experimenter and participant were blinded to the tDCS condition (i.e.
sham versus anodal tDCS) through the use of codes on the tDCS machine. Using the protocol
suggested by the international consensus paper on NIBS techniques [38], the sham protocol had
the identical arrangement to the anodal tDCS condition, using both the dominant and non-dominant
M1 arrangements (50% each), but the stimulation terminated after approximately 20 sec. This
resulted in the participant experiencing the initial sensation of tDCS, however no experimental
effects occurred. To obtain the participant’s perception of discomfort throughout all tDCS
conditions, discomfort (which included pain, itching, and tingling sensations) was assessed using a
visual analogue scale (VAS) during the first 3 minutes of stimulation. The VAS ranged from 0 to 10
as visually described in cm units: 0 cm indicates “no discomfort” and 10 cm means “extremely
uncomfortable”.

  BDNF Genotyping  

As described by Frazer et al. [27], blood samples were obtained and participants were genotyped
for the BDNF Val66Met polymorphism. Whole blood was obtained in EDTA tubes, and DNA was
extracted using the QiaAmp DNA Mini Kit (Qiagen, N.V) according to the manufacturer’s protocol.
Briefly, 200 µl of whole blood was added to 20 µl of protease, followed by addition of 200 µl lysis
buffer (Buffer AL). Samples were pulse-vortexed for 15 sec, briefly centrifuged (4000 rpm, 15 sec),
then incubated at 56 °C for 10 min. Following incubation, 200 µl of absolute ethanol was added, the
samples were again pulse-vortexed for 15 sec, and centrifuged (4000 rpm, 15 sec). The samples
were then transferred to a QIAamp mini-column and centrifuged at 8,000 rpm for 1 min. The
QIAamp mini-column was then placed in a clean 2 ml collection tube, and the used collection tube
containing filtrate was discarded (this process was completed following each wash). Following this,
500 µl of wash buffer 1 (Buffer AW1) was added to the samples and centrifuged at 8000 rpm for 1
min. This process was repeated with wash buffer 2 on 2 occasions (Buffer AW2), and then the
columns were transferred to a 2 ml collection tube and centrifuged at 14,000 rpm for 1 min to
completely dry the membrane. To elute the DNA from the spin column, 150 µl of nuclease-free
water (Life Technologies, Mulgrave, VIC) was added to the membrane and incubated at room
temperature for 5 min, followed by centrifugation at 8,000 rpm for 1 min. The DNA concentration
was determined using the NanoDrop 2000 (NanoDrop products, Wilmington, DE), and samples
were diluted to 2.5 ng/µl and stored at -80 °C until further analysis [27].

The Val66Met single nucleotide polymorphism in the BDNF gene was typed by a polymerase chain
reaction (PCR) in a total of 25 µl containing 125 ng of DNA, 10 x buffer (Life Technologies), 1.5 mM
magnesium chloride (MgCl2) (Sigma-Aldrich, St Louis, MO), 200 µM deoxyribonucleotide
triphosphate (dNTP) (Life Technologies), 400 µM of each primer and 1 U Taq polymerase (Life
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Technologies) using a thermal cycler (Takara Bio, Shiga, Japan). In accordance with Neves-Pereira
et al. [39], primer sequences included ACTCTGGAGAGCGTGAATGG ⁄ AGAAGAGGAGGCTCCAAAGG.
PCR started with an initial denaturation at 95°C for 5 min, followed by 94°C for 30 s, 60°C for 30 s,
and 72°C for 30s for 30 cycles, with a final extension at 72°C for 5min. The PCR product was then
digested with the restriction enzyme FastDigest PmlI (Eco72I) (Thermo Scientific, Massachusetts,
USA). Briefly, 10 µl of the PCR sample was added to 17 µl of nuclease-free water (Life
Technologies), 2 µl of 10X FastDigest Buffer and 1 µl of the FastDigest enzyme (Thermo Scientific).
Samples were pulse-vortexed for 15 sec, briefly centrifuged (4000 rpm, 15 sec), then incubated at
37 °C for 5 mins. Using the 2100 Bioanalyzer together with the DNA 1000 LabChip Kit (Agilent
Technologies, Böblingen, Germany), participants were classified as Val/Val, Val/Met or Met/Met.
The samples were classified based on the observed banding pattern. The uncut product size was
113 bp (Met/Met), and Val/Val comprised the cut bands of 78 and 35 bp [27,39].

  Data analysis  

Pre-stimulus rmsEMG activity was determined in the right and left BB muscles 100 ms prior to each
TMS stimulus during pre- and post-testing. Any trial in which pre-stimulus rmsEMG exceeded 4 ± 1
% of maximal rmsEMG were discarded, and the trial was repeated. The peak-to-peak amplitude of
MEPs evoked as a result of stimulation was measured in the right and left BB muscles contralateral
to the cortex being stimulated in the period 10-50 ms after stimulation. MEP amplitudes were
analyzed (LabChart 8 software, ADInstruments, Bella Vista, NSW, Australia) after each stimulus
was automatically flagged with a cursor, providing peak-to-peak values in μV, averaged and
normalized to the MMAX, and multiplied by 100.

Cortical silent period durations were obtained from single-pulse stimuli delivered at 150% and
170% AMT during a light contraction (4% ± 1 of maximal rmsEMG of the right and left BB
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. The
average from 10 stimuli was used for cortical silent period duration [36].

In addition, the laterality index (LI) for interhemispheric asymmetries in corticospinal excitability
and inhibition was calculated on the basis of the mean difference in MEP amplitudes between the
two hemispheres and the mean difference in cortical silent period duration between the two
hemispheres, respectively. In accordance with Cramer et al. [40] and Langan et al. [41], LI was
calculated for each condition defined as (L-R)/ (L+R), where L= left hemisphere and R= right
hemisphere. A score of 1 reflects complete lateralization to the left side. Conversely, a score of −1
indicates complete lateralization to the right side. In this particular experiment, a positive score
indicates greater excitability of the dominant M1 (left hemisphere, right arm).

  Statistical analysis  

All data were screened with the Shapiro-Wilk test and found to be normally distributed (all P >
0.05) and, thus, the assumptions of the ANOVA were not violated. Subsequently, for the primary
analysis, a 3 (conditions) x 2 (hemisphere) x 2 (time) repeated measures ANOVA was used to
determine any differences between conditions, hemispheres and time for the dependant variables, 
rmsEMG, MMAX, corticospinal excitability and cortical silent period duration. If significant main
effects were found, a Bonferroni correction was used for post-hoc testing to compare the
interaction of condition (sham and anodal tDCS) by hemisphere (stimulated and non-stimulated)
and time (pre, post) for each dependent variable.

For the secondary analysis, a 2-way ANOVA of genotype (Val/Val, Val/Met) and time (pre-testing
and post-testing) was used to examine the effect of genotype on multiple dependent variables
(corticospinal excitability and cortical silent period duration) following anodal tDCS (dominant and
non-dominant M1 stimulation arrangements). In addition, paired t-tests were performed on VAS
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scales and LI score variables. IBM SPSS Statistics 23.0 (United States) was used for all statistical
analyses with the level of significance set as P < 0.05 for all testing. All data are presented as mean
± SD.

Results
The BDNF genotype analysis for the 10 participants for whom we had genetic data revealed that 7
were homozygous for the Val allele (Val66Val), while 3 were genotyped as Val66Met.

  Pre-stimulus rmsEMG, active motor threshold stimulus intensity,
maximal compound wave, and visual analogue scale  

Table 1 presents the mean (± SD) for AMT stimulus intensity, MMAX and single-pulse TMS pre-
stimulus rmsEMG for the stimulated and non-stimulated hemispheres prior to and following sham
and anodal tDCS (dominant and non-dominant M1 stimulation). Pre-stimulus rmsEMG, AMT
stimulus intensity and MMAX were similar between sham and anodal tDCS (dominant and non-
dominant M1 stimulation) conditions at baseline for each hemisphere (stimulated and non-
stimulated; P > 0.05). Pre-stimulus rmsEMG did not vary between single-pulse trials, and there
were no TIME, TIME x CONDITION or TIME x CONDITION x HEMISPHERE interactions observed
(all P > 0.05). Similarly, there was no TIME, TIME x CONDITION or TIME x CONDITION x
HEMISPHERE interactions detected for AMT stimulus intensity (all P > 0.05). Furthermore, there
was no TIME, TIME x CONDITION or TIME x CONDITION x HEMISPHERE interactions detected
for MMAX(all P > 0.05). VAS data was collected for each condition and there was no difference in
participants’ perception of discomfort between anodal tDCS (dominant and non-dominant M1
stimulation) and sham conditions (3.31 ± 0.47, 3.23 ± 0.48, 2.80 ± 0.69, respectively; P =
0.48).Corticospinal excitability

  Corticospinal excitability  

Figure 3. Mean (± SD) changes in MEP amplitude for the stimulated and non-stimulated hemispheres prior to and following
sham, anodal tDCS over the dominant M1 (DH atDCS) and anodal tDCS over the non-dominant M1 (N-DH atDCS) at (A)
150% and (B) 170% AMT. * denotes significant to sham tDCS. 

Figure 3A-B illustrates the percentage change in MEP amplitude for the stimulated and non-
stimulated hemispheres following sham and anodal tDCS (dominant and non-dominant M1
stimulation) at 150% (3A) and 170% (3B) of AMT. MEP amplitudes were similar between sham and
anodal tDCS (dominant and non-dominant M1 stimulation) conditions at baseline for each
hemisphere (stimulated and non-stimulated) and stimulus intensities (P > 0.05).
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At 150% AMT, there was a main effect for TIME (P < 0.001), CONDITION (P = 0.001) and a TIME x
CONDITION interaction detected (P = 0.001). Importantly, there was no main effect for
HEMISPHERE (P = 0.816), or TIME x CONDITION x HEMISPHERE interaction (P = 0.993)
denoting a bilateral increase in MEP amplitude irrespective of which hemisphere was stimulated. 
Post hoc analysis revealed that MEP amplitude increased following anodal tDCS applied over the
dominant and non-dominant M1 which was significantly different to sham tDCS (P = 0.022; P =
0.002, respectively), however this magnitude of change was not different between the dominant
and non-dominant M1 (P = 0.663, Figure 3A).

Interestingly, the GENOTYPE x TIME ANOVA revealed only a TIME effect at 150% AMT for the 
Val/Val group following anodal tDCS applied over the non-dominant M1 only. Corticospinal
excitability increased by 35% for the stimulated right M1 and increased by 40% for the non-
stimulated left M1 (P < 0.03; P = 0.04, respectively). This was compared to a 20% increase and
21% decrease in MEP amplitude in those with the Val/Met polymorphism for the stimulated and
non-stimulated hemispheres following anodal tDCS of the non-dominant M1. However, post hoc
analysis revealed that the magnitude of change in MEP amplitude was not statistically significant
between genotypes (P > 0.05).

At 170% AMT, there was a main effect for TIME (P < 0.001), CONDITION (P = 0.009) and a TIME x
CONDITION interaction detected (P = 0.009). Importantly there was no main effect for
HEMISPHERE (P = 0.215), or TIME x CONDITION x HEMISPHERE interaction (P = 0.062) again
denoting a bilateral increase in MEP amplitude irrespective of which hemisphere was stimulated. 
Post hoc analysis revealed that MEP amplitude increased following anodal tDCS applied over the
dominant and non-dominant M1 which was significantly different to sham tDCS (P = 0.019; P =
0.010, respectively), however this magnitude of change was not different between the dominant
and non-dominant M1 (P = 0.825, Figure 3B).

Interestingly, the GENOTYPE x TIME ANOVA revealed only a TIME effect at 170% AMT for the 
Val/Val group following anodal tDCS applied over the dominant and non-dominant M1 for the
stimulated hemisphere (Figure 4A-B, 31%, P = 0.03; 50%, P = 0.001, respectively). This was
compared to a 13% and 31% increase in MEP amplitude in those with the Val/Met polymorphism
for the stimulated hemisphere following anodal tDCS of the dominant and non-dominant M1. Post
hoc analysis, however, revealed that the magnitude of change in MEP amplitude was not
statistically significant between genotypes (P > 0.05).
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Figure 4. (A) Mean (± SD) changes in MEP amplitude of the stimulated hemisphere at 170% AMT following anodal tDCS of
the dominant M1 with different BDNF genotypes. * denotes significant to baseline. (B) Raw EMG responses (MEPs) of the
stimulated hemisphere produced following anodal tDCS of the dominant M1 with different BDNF genotypes, whereby (i)
and (ii) depicts pre and post MEP sweeps for the Val/Val individuals, (iii) and (iv) depicts pre and post MEP sweeps for the 
Val/Met individuals. 
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  Corticospinal inhibition  

Figure 5A-B shows the mean cortical silent period duration for the stimulated and non-stimulated
hemispheres prior to and following sham and anodal tDCS of the dominant and non-dominant M1 at
150% and 170% of AMT. Cortical silent period durations were similar between sham and anodal
tDCS (dominant and non-dominant M1 stimulation) conditions at baseline for each hemisphere
(stimulated and non-stimulated) and stimulus intensities (P > 0.05). At 150% AMT, there were no
main effects for TIME, TIME x CONDITION or TIME x CONDITION x HEMISPHERE (all P > 0.05)
interactions detected following the intervention (Figure 5A). At 170% AMT, there were a TIME and
TIME x CONDITION interaction detected (all P < 0.05). Post hoc analysis revealed that cortical
silent period decreased following anodal tDCS applied over the non-dominant M1 for the non-
stimulated hemisphere which was significant to sham tDCS (P = 0.049, Figure 5B), however this
magnitude of change was not different between the dominant and the non-dominant M1 (P > 0.05).
Furthermore, there were no TIME (P > 0.05) or TIME x CONDITION (P > 0.05) interactions
detected between genotypes following the intervention.

Figure 5. Mean (± SD) changes in cortical silent period duration for the stimulated and non-stimulated hemispheres prior
to and following sham, anodal tDCS over the dominant M1 (DH atDCS) and anodal tDCS over the non-dominant M1 (N-DH
atDCS) at (A) 150% and (B) 170% AMT. * denotes significant to sham tDCS. 

  Laterality Index  

As shown in Table 2, laterality index scores were calculated for each condition for corticospinal
excitability and inhibition.

There was no difference in LI detected for corticospinal excitability at 150% AMT for the sham or
anodal tDCS conditions (dominant and non-dominant M1 stimulation; P > 0.05). There was a
significant difference in LI for corticospinal excitability at 170% AMT following anodal tDCS of the
non-dominant M1 towards the right (non-dominant) M1 (P = 0.0047, Table 2). However, there was
no difference in LI detected for the sham condition or following anodal tDCS of the dominant M1 (P
> 0.05).

There was a significant difference in LI for corticospinal inhibition at 150% AMT following anodal
tDCS of the dominant and non-dominant M1 towards the right (non-dominant) M1 (P = 0.04; P =
0.036, respectively). However, there was no difference in LI detected for the sham condition (P >
0.05). Similarly, there was a significant difference in LI for corticospinal inhibition at 170% AMT
following anodal tDCS of the dominant and non-dominant M1 towards the right (non-dominant) M1
(P = 0.02; P = 0.018, respectively) and no difference in LI detected for the sham condition (P >
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0.05).

  Sham tDCS    DH atDCS    N-DH atDCS
Pre Post Pre Post Pre Post

   MEP
(150%
AMT) 

0.06 ± 0.36 0.06 ± 0.36 0.10 ± 0.25 0.10 ± 0.25 0.06 ± 0.25 0.06 ± 0.21

   MEP
(170%
AMT) 

0.06 ± 0.32 0.06 ± 0.21 0.09 ± 0.28 0.08 ± 0.28 0.07 ± 0.28 -0.08 ±
0.28*

   SP (150%
AMT) 

-0.02 ± 0.14 -0.02 ± 0.14 -0.02 ± 0.10 -0.08 ± 010* -0.03 ± 0.10 -0.07 ±
0.10*

   SP (170%
AMT) 

-0.08 ± 0.07 -0.08 ± 0.07 -0.04 ± 0.07 -0.09 ±
0.10*

-0.04 ± 0.10 -0.08 ±
0.07*

Table 2. Mean (± SD) for laterality index prior to and following sham and anodal tDCS (dominant and non-dominant
hemisphere stimulation arrangements). DH atDCS: anodal tDCS over the dominant hemisphere; N-DH atDCS: anodal tDCS
over the non-dominant hemisphere; MEP: motor evoked potential; SP: silent period; AMT: active motor threshold. * denotes
significant to baseline. 

Discussion
We investigated the effect of a single session of anodal tDCS on corticospinal excitability and
inhibition of both the stimulated and non-stimulated hemisphere following anodal tDCS. In
particular, we examined corticospinal excitability/inhibition and the influence of these responses by
the BDNF polymorphism. The main finding of this study was that a single session of anodal tDCS
resulted in a bilateral increase in corticospinal excitability irrespective of which hemisphere
(dominant vs non-dominant) was stimulated. In addition, we saw a shift in lateralization of
inhibition towards to the right (non-dominant) M1 irrespective of which hemisphere was stimulated.
Contrary to our hypothesis, however, we only observed a change in corticospinal inhibition in the
non-stimulated hemisphere following anodal tDCS applied over the non-dominant M1. Although we
found no significant genotype by time interactions, the within effects for increased corticospinal
excitability in the Val/Val individuals following anodal tDCS is an important finding that warrants
some discussion.

Only a limited number of studies have examined the bilateral effect of NIBS techniques on both the
stimulated and non-stimulated hemisphere [13,15,16,18,19]. Interestingly, our finding of increased
bilateral corticospinal excitability is not consistent with previous work from Lang et al. [16] who
only observed an increase in MEP amplitude in the stimulated hemisphere following anodal tDCS.
This difference may lie in methodology as Lang et al. [16] used a protocol of anodal tDCS for 10 min
at 1 mA, which may have been insufficient to elicit changes in the contralateral hemisphere (non-
stimulated). Importantly our findings are consistent with studies using other NIBS techniques such
as rTMS and PAS which have shown bilateral increases in corticospinal excitability [13,18,19]. Our
study, however, extends these findings by showing that the magnitude of corticospinal excitability
of both the stimulated and non-stimulated hemisphere is irrespective of hemispheric dominance.
This finding is noteworthy given that the non-dominant hemisphere has previously been shown to
have lower motor threshold, higher MEPs [20] and shorter cortical silent period durations [21],
suggesting a greater allowance for the rapid induction of corticospinal plasticity of the non-
dominant hemisphere following anodal tDCS. Although in the current study we did not observe any
hemispheric differences per se, we have shown a preferential shift of inhibition towards the non-
dominant M1. This supports the notion that the non-dominant M1 may be more responsive to
anodal tDCS, manifesting as a reduction in the synaptic efficacy between intracortical inhibitory
neurons and corticospinal neurons.

Interestingly, we also observed a reduction in cortical silent period duration in the non-stimulated
hemisphere following the application of anodal tDCS over the non-dominant M1. This is finding is
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notable given that anodal tDCS applied over the non-dominant M1 had no effect on cortical silent
period duration in the stimulated hemisphere (right), yet we observed a reduction in cortical silent
period duration in the non-stimulated hemisphere (left). Further, there was a similar increase in
MEP amplitude between hemispheres (i.e. bilateral increases) which adds further confusion.
Although MEP amplitude and cortical silent period duration are independent of each other, changes
in cortical inhibition have been proposed to attenuate M1 output via GABA receptor mediated
interneuron transmission [42]. At a minimum, the reduction in cortical silent period duration of the
non-stimulated left hemisphere following anodal tDCS of the right stimulated hemisphere, shows
that there was reduced inhibitory input to the motoneuron pool. Although, it was hypothesised that
anodal tDCS of the stimulated hemisphere (irrespective of dominant/non-dominant) would reduce
the cortical silent period duration, the result that anodal tDCS of the right hemisphere had no effect
on the cortical silent period, was surprising. Although the cortical projections to the biceps brachii
are less divergent than other upper limb muscle groups [43] , this may suggest the potential to
undergo plasticity following anodal tDCS may have been limited. A caveat to this interpretation,
however, is confounded by the fact that there was only a reduction in cortical silent period duration
for the non-stimulated hemisphere, following stimulation of the right M1. Despite this, given we
have shown bilateral increases in corticospinal excitability, a single session of anodal tDCS appears
to modulate mechanisms associated with long-term potentiation (LTP) rather than neurons that use
gamma-aminobutyric acid (GABAB) as their neurotransmitters. The after-effects of tDCS are well
established, with the general consensus that the mechanisms underlying corticospinal plasticity are
due to changes in synaptic strength due to modulation of the NMDA receptor [10,22]. This
experiment provides evidence that anodal tDCS not only improves synaptic efficacy of the
stimulated hemisphere, but also modulates corticospinal connections of the non-stimulated
hemisphere. One possible explanation is that anodal tDCS of the stimulated hemisphere leads to a
reduction in IHI of the non-stimulated hemisphere and consequently increases corticospinal
excitability of the non-stimulated hemisphere [13]. A caveat to this interpretation is that IHI was
not measured and thus we do not feel able to draw any definitive conclusion regarding potential
underlying mechanisms. However, given that fMRI studies in humans have shown anodal tDCS to
activate extended neural networks [44] and reduce transcallosal inhibition [16], we suggest that it
is plausible that anodal tDCS acts on both excitatory and inhibitory synaptic inputs which may shift
the balance in excitability between hemispheres. Furthermore, we saw a small but significant shift
in lateralization of inhibition towards the right (non-dominant) M1 irrespective of which hemisphere
was stimulated. Although we are uncertain as to why this has occurred, and how this may affect
motor performance, it may have relevance to rehabilitation following pathology to the right M1.
However, given that we are unsure of the underlying mechanisms causing this shift in
lateralization, we can only speculate as to the potential implications of this finding and further
experiments would be required to resolve this point of discussion.

It appears that the BDNF polymorphism shaped the induction of corticospinal plasticity following a
single session of anodal tDCS. Recent data has shown that carriers of the BDNF Met allele
(Val/Met) display reduced corticospinal responses following repeated bouts of anodal tDCS
compared to the Val/Val genotype [27]. Similarly, we found that when individuals were sub-grouped
into genotype, and individual data was examined, the Val/Val individuals showed a greater increase
in MEP amplitude compared to Val/Met individuals. This trend was evident for both the dominant
and non-dominant M1, irrespective of which hemisphere was stimulated, however, this magnitude
was not statistically significant due to the limited sample size of the Val/Met group. Importantly,
this data provides further insight into the important role that the BDNF polymorphism plays in the
induction of experimentally-induced plasticity, and that this effect may be evident from as little as
20 min of anodal tDCS.

These findings show that a single session of anodal tDCS induced bilateral effects in corticospinal
excitability, irrespective of which hemisphere was stimulated (dominant vs non-dominant). The
induction of corticospinal plasticity appears to be influenced by the BDNF polymorphism; however
this notion should be interpreted with caution give the small sample size, indicating the need for
future investigation.
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List of Abbreviations
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MEPs: motor-evoked potentials

MVIC: maximal voluntary isometric contraction

M1: primary motor cortex

NMDA: N-Methyl-D-aspartate

NIBS: non-invasive brain stimulation

PAS: paired associative stimulation

rmsEMG: root-mean square electromyography

rTMS: repetitive transcranial magnetic stimulation

sEMG: surface electromyography

tDCS: transcranial direct current stimulation

TMS: transcranial magnetic stimulation

VAS: visual analogue scale
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