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Although the effects of transcranial direct current stimulation (tDCS) on contralateral
unimanual movement have been well reported, its effects on coordinated multi-limb
movements remain unclear. Because multi-limb coordination is often performed in daily
activities and sports, clarifying the effects of tDCS on multi-limb coordination may have
valuable implications. However, considering the neural crosstalk involved in bimanual
movements, including the transcallosal pathway and ipsilateral motor pathway, the extent
of tDCS-induced improvement may differ between unimanual and bimanual movement.
We examined how tDCS affects simultaneous bimanual maximal voluntary contraction
(MVC) by testing the effects of tDCS of the bilateral primary motor cortex (M1) on
unimanual and bimanual handgrip strength. Twenty-one right-handed healthy adults
underwent three bilateral tDCS protocols (“RaLc,” with an anode on right M1 and a
cathode on left M1, “RcLa,” with an anode on left M1 and a cathode on right M1, and
“Sham”) in a randomized order. A 1.5 mA current was applied for 15 min during tDCS.
Participants then performed maximal unimanual and bimanual handgrip tests. Bimanual
handgrip force was higher in both hands in the RcLa condition than in the Sham
condition. Similarly, unimanual handgrip force was higher in the RcLa condition than
in the Sham condition. Stimulus responses were asymmetrical and were not observed in
the RaLc condition. Our findings demonstrate that RcLa tDCS leads to neuromodulation
that can produce greater unimanual and bimanual handgrip strength. This result provides
basic evidence that tDCS may be useful in sports, particularly those involving bilateral
coordination of upper limb movement.

Keywords: transcranial direct current stimulation, handgrip strength, unimanual movement, bimanual movement,
bilateral deficit

INTRODUCTION

Electrical brain stimulation has received substantial interest in sports science as a tool
for enhancing sports performance (Colzato et al., 2016; Reardon, 2016; Edwards et al.,
2017). Regardless of whether this technology constitutes doping, its application to sports
warrants thorough examination with primary research. Previous studies reported that
transcranial direct current stimulation (tDCS) improves unimanual motor performance
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of the contralateral upper limbs (Cogiamanian et al., 2007;
Krishnan et al., 2014). These findings may be useful for
neurorehabilitation, including movement recovery in paralyzed
hands. However, it remains unclear whether tDCS is directly
related to improving sports performance because most sports
involve coordinated multi-limbmovement. In particular, activity
in the transcallosal pathway (Kennerley et al., 2002) and
ipsilateral motor pathway (Kagerer et al., 2003) have been
reported to cause bilateral interactions (Swinnen, 2002; Carson,
2005) in sports involving bilateral coordination of upper limb
movement, such as rowing and weightlifting. Therefore, it
is difficult to predict how modifying these complex neural
mechanisms with tDCS will affect sports performance. Thus,
we conducted a basic study of the application of tDCS to
sports, examining how tDCS affects unimanual and simultaneous
bimanual motor performance.

tDCS has traditionally been considered to induce
neuromodulation, with anodal stimulation increasing
contralateral corticospinal excitability, and cathodal stimulation
decreasing it in a polarity-dependent manner (Nitsche and
Paulus, 2000). Previous studies focused on improving
contralateral unimanual movement by anodal tDCS of the
primary motor cortex (M1; Cogiamanian et al., 2007; Krishnan
et al., 2014), which suggests that stimulation facilitated the
contralateral motor pathway. In particular, Krishnan et al. (2014)
reported that anodal tDCS of left M1 increased unimanual
force-generating capacity and muscle activity of the right elbow
flexor and extensor. However, because most tDCS studies
only examined unimanual movement, the effects of tDCS on
bimanual movement are not well known. Force generated in
the simultaneous bimanual use of two limbs causes reduced
performance of each limb, known as bilateral deficit (BLD;
Henry and Smith, 1961; Ohtsuki, 1981; Škarabot et al., 2016).
Henry and Smith (1961) reported a 3% reduction in bimanual
right handgrip strength compared with unimanual right
handgrip. Interhemispheric inhibition (IHI) in the transcallosal
pathway is a major neurophysiological factor in BLD (Oda
and Moritani, 1995; Perez et al., 2014; Škarabot et al., 2016).
Meanwhile, cross-activation has also been reported, in which
the corticospinal excitability of the non-exercise side increases
with unimanual force generation (Hortobagyi et al., 2003; Perez
and Cohen, 2008). Further, most corticospinal fibers cross the
pyramidal decussation, whereas some fibers do not cross and
descend to the ipsilateral spinal cord (Ziemann et al., 1999;
Ziemann and Hallett, 2001; Lacroix et al., 2004). In addition,
previous studies reported that monkey M1 contains motor
neurons that are active during bimanual movement (Aizawa
et al., 1990; Donchin et al., 1998). Because neural crosstalk is
involved in bimanual movement, as mentioned above, the effects
of tDCS on bimanual movement may differ from the effects on
unimanual movement.

Therefore, we hypothesized that tDCS, which increases
unimanual movements does not necessarily increase bimanual
movements to the same extent. In other words, we predicted
that the improvement in bimanual movement induced by tDCS
may be larger or smaller than the improvement in unimanual
movement. Thus, to assess how tDCS affects simultaneous

bimanual force generation, we tested the effects of tDCS of
bilateral M1 on unimanual and bimanual handgrip strength.

MATERIALS AND METHODS

Participants
Twenty-one healthy adult men participated in this study
(21.7± 0.8 years). We estimated the sample size using PANGEA
v0.2 (Westfall, 2016) for a three fixed effects design, including
stimulation (RaLc, RcLa, and Sham), hand (left and right), and
mode (unimanual and bimanual), with a power of 0.8, the effect
size of 0.5, and replicates of 2. Participants were right-handed and
scored between 60 and 100 on the Edinburgh Handedness test
(Oldfield, 1971). No participants had a history of neurological or
psychiatric disorders, musculoskeletal injury, or neuromuscular
disease, and none had undergone specific training of the hands or
arms. Participants gave written informed consent in accordance
with the Declaration of Helsinki. The experimental protocol
was approved by the Human Subjects Committee at Chukyo
University Graduate School of Health and Sport Sciences.

Experimental Design
Participants visited the laboratory four times, undergoing one
familiarization session and three experimental sessions. In the
familiarization session, participants received a description of
the experiment and practiced handgrip maximal voluntary
contraction (MVC). The experimental sessions employed a
double-blind, sham-controlled, crossover design. Randomization
was performed by random number generation. To exclude
fatigue of the experiment and any carryover effect of tDCS,
experimental sessions were separated by >72 h. There was
typically an interval of 3–10 days. All experimental sessions were
performed in the same time slot to minimize daily variability.
Participants were instructed to avoid alcohol for 24 h, and to
avoid caffeine, medication, and strenuous exercise for 12 h before
each session.

Figure 1A shows the experimental procedure. The
experimental session consisted of a warm-up, tDCS, and
two handgrip MVC tests. Participants first warmed up with
muscle stretching, joint movements, and handgrip practice.
Specifically, participants performed stretching of the wrist
flexor/extensor muscles for 10 s, and wrist flexion/extension and
internal/external rotation and finger flexion/extension 10 times,
then submaximal unimanual left and right and bimanual
handgrips at 70% of MVC. Next, tDCS was applied for 15 min
(see ‘‘Transcranial Direct Current Stimulation’’ section). After
tDCS, participants performed handgrip MVC tests. The test was
counterbalanced to minimize the order effects of the unimanual
and bimanual modes. For Test 1, participants performed
unimanual left (or right) handgrip and unimanual right (or left)
handgrip, then bimanual handgrip. Each task interval lasted
1 min. After 3 min of Test 1, participants performed Test 2.
For Test 2, participants performed bimanual handgrip, then
unimanual left (or right) handgrip, and unimanual right (or left)
handgrip. Maximal handgrip was sustained for 5 s. Participants
were instructed to grip as quickly and strongly as possible
when prompted by the instruction ‘‘Ready? Go,’’ and to sustain
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FIGURE 1 | (A) Experimental procedure. Participants first performed a warm-up with muscle stretching, joint movements, and handgrip practice. Subsequently,
participants received each bilateral transcranial direct current stimulation (tDCS) applied to the bilateral primary motor cortex (M1) for 15 min. Finally, participants
performed Test 1 and Test 2 to measure handgrip strength. MVC, maximal voluntary contraction; UL, unimanual left handgrip; UR, unimanual right handgrip; B,
bimanual handgrip. (B) Each tDCS montage left, RaLc, the anode on the right M1 and the cathode on the left M1; middle, RcLa, the anode on the left M1 and
cathode on the right M1; right, Sham condition.

maximal force for 5 s until the instruction ‘‘Stop’’ was presented.
During the test, participants were seated with their shoulders
adducted and neutrally rotated, elbows flexed at 90◦, forearms
in a neutral position, and wrists between 0 and 30◦ dorsiflexion,
and between 0◦ and 15◦ ulnar deviation. Participants were
instructed to move as little as possible.

Transcranial Direct Current Stimulation
tDCS was delivered using a battery-driven DC Stimulator Plus
(NeuroConn, Ilmenau, Germany) with a pair of 5× 5 cm sponge
surface electrodes soaked in 0.9% NaCl. The tDCS parameters
were based on those reported in a previous study (Furuya et al.,
2014; Tazoe et al., 2014). Because previous neuroimaging studies
confirmed the presence of M1 activity at C3 and C4 in the
international 10-20 system (Okamoto et al., 2004), the electrodes
were placed over scalp coordinates C3 and C4 as bilateral M1.
The three stimulation conditions were the anode on the right
M1 (C4) and the cathode on the left M1 (C3) ‘‘RaLc,’’ anode
on the left M1 (C3) and cathode on the right M1 (C4) ‘‘RcLa,’’
and ‘‘Sham’’ (electrodes on C3 and C4 as control; Figure 1B).
A 1.5 mA current was applied for 15 min during bilateral tDCS
(ramping time: 30 s). These stimulation parameters have been
reported to increase contralateral corticospinal excitability on the
anodal side and decrease it on the cathodal side (Tazoe et al.,
2014). For the Sham condition, the current was turned off after
30 s. During stimulation, participants sat in a relaxed position

and were instructed to avoid thinking of anything specific. At
the end of the session, participants reported any discomfort and
were asked ‘‘Do you believe that you received a real or placebo
stimulation?’’ based on the International Federation of Clinical
Neurophysiology guidelines (Antal et al., 2017).

Data Acquisition and Processing
Handgrip force was sampled at 1,000 Hz using a grip force
transducer (MLT004/ST, AD Instruments) and a data acquisition
device (PL3516, AD Instruments). Sampled data were smoothed
by an online low-pass filter with a cut-off frequency of
20 Hz using LabChart software (LabChart 8, AD Instruments).
Maximal handgrip force was determined as the highest value.
Furthermore, the maximal handgrip force in Test 1 and 2 were
averaged and the BLD was calculated using the following
equation.

bilateral deficit (%) =
bimanual − unimanual

unimanual
× 100.

Surface electromyography (EMG) signals were recorded from
the flexor digitorum superficialis using a wireless EMG sensor
(pico, cometa). On the basis of a previous study (Kong et al.,
2010), disposable Ag/AgCl electrodes were placed slightly ulnarly
on the line between the oblique line of radius and the second
middle phalanx at 1/4 from the oblique line of the radius. The
signals were sampled at 1,000 Hz using a data acquisition device
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(PL3516, AD Instruments) and filtered with a band-pass filter
(10–500 Hz). Recorded data were rectified and smoothed with
a fourth order zero-lag Butterworth low-pass filter with a cut-off
frequency of 10 Hz. Integrated EMG (IEMG) was calculated as
125 ms around the maximal handgrip force.

Statistical Analysis
We conducted linear mixed-effects models (LMEM) analysis
for maximal handgrip force and IEMG using R and the
lme4 software package (Bates et al., 2015). LMEM can consider
learning or fatigue effects and chronometric paradigms (Baayen
et al., 2008). We performed maximal LMEM analysis based on
previous studies (Barr et al., 2013; Brauer and Curtin, 2018). As a
fixed effect, a total of 12 stimulation conditions (three levels: RaLc
vs. RcLa vs. Sham), hand (two levels: left vs. right), and mode
(two levels: unimanual vs. bimanual) and their interactions were
included in this model. In addition, 12 by-subject random effects
associated with these fixed effects were included in the model.
Furthermore, the total of eight by-subject random intercepts
and slopes for experiment date (Date 1, 2, and 3), test (Test
1 and 2), and handgrip order (Order 1, 2, and 3) were included
in the model. For IEMG analysis, random effects in test and
handgrip order were excluded because maximal LMEM did
not converge.

We then analyzed F- and p-values for interactions and
main effects using Type III analysis of variance (ANOVA) with
Satterthwaite’s degrees of freedom approximation using lmerTest
package (Kuznetsova et al., 2017). In addition, t- and p-values
between the levels of stimulation condition were calculated and
p-values were adjusted using the Benjamini–Hochberg (BH)
method (Benjamini andHochberg, 1995).When interactions and
main effects related to stimulation condition were significant,
a post hoc test on a subset of contrasts between the handgrip
tasks was performed on the estimates, and t- and p-values were
calculated using the emmeans package (Lenth, 2020) based on the
hypothesis that the effects of tDCS on unimanual and bimanual
handgrip strength would be different. P-values were adjusted
using the BH method (Benjamini and Hochberg, 1995). Effect
sizes for estimates were computed by dividing the difference
between estimated means by the square root of the sums of the
variance of the random parameters (Westfall et al., 2014; Judd
et al., 2017).

Each BLD was compared with zero using one-sample t-test
(one-tailed) in SPSS version 26 (IBM SPSS statistics) and the
effect sizes were computed by dividing the mean difference by
the standard deviation. Adverse effects and placebo effects were
analyzed using the Friedman test. All data were reported as
observedmean± standard deviation (SD). Statistical significance
was defined as α < 0.05.

RESULTS

Linear Mixed-Effects Model Analysis of
Maximal Handgrip Force and IEMG
Table 1 shows the results of LMEM analysis of maximal handgrip
force and IEMG. Regarding maximal handgrip force, Type

III ANOVA revealed no significant interactions between fixed
effects (all p-values > 0.05; Table 1). However, there were
significant main effects of stimulation condition (Stimulation:
F(2,14.3) = 10.295, p = 0.002; Hand: F(1,20.0) = 12.164, p = 0.002;
Mode: F(1,20.5) = 12.917, p = 0.002; Table 1). In the stimulation
conditions, maximal handgrip force was higher in the RcLa
condition than in the Sham condition (t(16) = 4.304, p = 0.002,
d = 0.11). Meanwhile, higher handgrip force was not observed in
the RaLc condition compared with that in the Sham condition
(t(21) = 1.394, p = 0.178, d = 0.06). However, no significant
differences were observed between the RcLa and RaLc conditions
(t(13) = 1.442, p = 0.178, d = 0.05). For IEMG, Type III ANOVA
revealed no significant interactions between the fixed effects in
IEMG (all p-values > 0.05; Table 1). A significant main effect
was observed only for hand (F(1,20.0) = 11.953, p = 0.002).

Because Type III ANOVA revealed a difference in stimulation
conditions (RcLa > Sham), a post hoc test on a subset of
contrast between handgrip tasks was performed on the estimates
to confirm the hypothesis that the extent of stimulus effect
on unimanual and bimanual movement is different. In the
simultaneous bimanual task, bimanual handgrip force for both
hands was significantly higher in the RcLa condition than in the
Sham condition (left, Sham: 350 ± 76 vs. RcLa: 357 ± 69 N,
Estimate = 11 N, SE = 4, t(29.5) = 2.501, p = 0.018, d = 0.10; right,
Sham: 370 ± 86 vs. RcLa: 381 ± 82 N, Estimate = 15 N, SE = 5,
t(17.3) = 2.841, p = 0.011, d = 0.14). The bimanual left and right
handgrip forces were high in 14 and 15 participants, respectively
(Figures 2A,C). In the unimanual task, unimanual left handgrip
force was significantly higher in the RcLa condition than in
the Sham condition (Sham: 357 ± 76 vs. RcLa: 362 ± 71 N,
Estimate = 9 N, SE = 4, t(29.9) = 2.158, p = 0.039, d = 0.08).
14 participants exhibited higher unimanual left handgrip force
(Figures 2B,D). Unimanual right handgrip force was also
significantly higher in the RcLa condition compared with that
in the Sham condition (Sham: 379 ± 86 vs. RcLa: 389 ± 80 N,
Estimate = 14 N, SE = 5, t(22.4) = 2.726, p = 0.012, d = 0.13).
17 participants exhibited higher unimanual right handgrip
force (Figures 2B,D). In the RaLc condition, although a small
number of subjects exhibited higher handgrip force on individual
observed values, other subjects exhibited lower handgrip force,
and the findings were not consistent (Figure 2). For visualization,
Figures 2A,B show the average of the observed values across Test
1 and Test 2 for each individual, and Figures 2C,D show a change
in handgrip force related to the Sham condition.

Bilateral Deficit
BLD, in which the bimanual handgrip force was lower than
unimanual force, was confirmed under some stimulation
conditions (Figure 3). In the right hand, BLD was observed in
the RcLa and RaLc conditions, which indicates that bimanual
handgrip force was lower than unimanual handgrip force (RaLc:
−3.39 ± 5.31%, t(20) = −2.922, p = 0.004, d = 0.64; RcLa:
−2.24± 5.59%, t(20) =−1.832, p = 0.041, d = 0.40). For the Sham
condition, there was a small effect size and a trend for BLD to
occur (Sham:−2.47± 6.73%, t(20) =−1.679, p = 0.055, d = 0.37).
For the left hand, there were small effect sizes and trends for BLD
to occur in the Sham and RcLa conditions (Sham:−1.83± 5.63%,
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TABLE 1 | Summary of linear mixed-effects model analysis of variance.

Effect F-value dfN dfD p-value

Handgrip force Stim 10.295 2 14.3 0.002
Hand 12.164 1 20.0 0.002
Mode 12.917 1 20.5 0.002
Stim×Hand 0.708 2 24.8 0.502
Stim×Mode 0.048 2 21.1 0.953
Hand×Mode 1.908 1 22.5 0.181
Stim×Hand×Mode 0.405 2 27.8 0.671

IEMG Stim 0.159 2 19.9 0.854
Hand 11.953 1 20.0 0.002
Mode 0.075 1 26.2 0.786
Stim×Hand 1.598 2 20.3 0.227
Stim×Mode 0.008 2 29.0 0.992
Hand×Mode 0.018 1 71.4 0.894
Stim×Hand×Mode 0.344 2 35.9 0.711

IEMG, integrated electromyography; Stim, stimulation condition; dfN, degrees of freedom numerator; dfD, degrees of freedom denominator.

FIGURE 2 | The top figures indicate individual maximal handgrip force for (A) bimanual and (B) unimanual tasks. White circles and dashed lines show individual
data, while red squares and solid lines show the averaged data. The bottom figures indicate the change in (C) bimanual and (D) unimanual handgrip strength relative
to the Sham condition, and positive values indicate greater handgrip strength. White circles show individual data, while red squares and solid lines show the
averaged data. Data were averaged across Test 1 and Test 2 in each task. RaLc, the anode on the right primary motor cortex (M1) and the cathode on the left M1;
RcLa, the anode on the left M1 and cathode on the right M1. *p < 0.05.
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FIGURE 3 | Bilateral deficit (BLD) in handgrip force following the stimulation
condition. The horizontal line in the boxes indicates the median, the boxes
extend to the 25th and 75th percentiles, the whiskers extend to the extreme
values, and the cross represents the outlier. Negative values indicate less
bimanual handgrip force compared with that in unimanual handgrip force.
RaLc, the anode on the right primary motor cortex (M1) and the cathode on
the left M1; RcLa, the anode on the left M1 and cathode on the right M1.
*p < 0.05.

t(20) = −1.491, p = 0.076, d = 0.33; RcLa: −1.19 ± 3.79%,
t(20) = −1.441, p = 0.083, d = 0.31). For the RaLc condition, BLD
was not observed and unimanual and bimanual handgrip force
were comparable (RaLc:−0.75± 4.92%, t(20) =−0.701, p = 0.246,
d = 0.15).

Adverse Effects and Placebo Effect
Skin sensation, redness, and placebo effects were summarized in
Table 2. Although there were no serious adverse effects, some
participants reported itching, pain, tingling, warmth, and redness
under the electrodes. In response to the question ‘‘Do you believe
that you received a real or placebo stimulation?, ’’ half of the
subjects reported ‘‘I don’t know, ’’ which indicated no apparent
placebo effect.

DISCUSSION

The present study sought to elucidate the effects of tDCS of
bilateral M1 on unimanual and simultaneous bimanual handgrip
strength. Although we expected that the effect of tDCS on
bimanual movement would differ from the effect on unimanual
movements, greater handgrip strength in the RcLa condition was
confirmed to the same extent in the unimanual and bimanual
handgrip tasks. We found that bimanual handgrip forces in both
hands were higher in the RcLa condition with the anode on
left M1 and cathode on right M1 than in the Sham condition.
Furthermore, unimanual left and unimanual right handgrip
forces were higher in the RcLa condition. These findings suggest
that the neuromodulation induced by RcLa tDCS leads to
brain states that can produce greater unimanual and bimanual TA
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handgrip strength. In addition, these stimulus responses were
asymmetrical and were observed in the RcLa condition but not
in the RaLc condition.

Effects of RcLa tDCS on Bimanual
Handgrip Strength
To the best of our knowledge, this is the first study to
examine the effects of bilateral tDCS on simultaneous bimanual
handgrip strength. The bimanual right handgrip force was higher
in the RcLa condition with the anode on left M1 and the
cathode on right M1 than in the Sham condition. Practically,
anodal tDCS of M1 produces facilitation of contralateral
limb performance, such as increased motor evoked potential
(MEP) amplitude (Nitsche and Paulus, 2000), MVC (Krishnan
et al., 2014), and muscle endurance (Cogiamanian et al.,
2007), and promotion of motor learning (Fan et al., 2017).
Therefore, greater bimanual right handgrip strength in the RcLa
condition may be caused by the facilitation of contralateral
corticospinal excitability in left M1. In addition to bimanual
right handgrip force, bimanual left handgrip force was also
higher in the RcLa condition, despite right M1 receiving
cathodal stimulation. Assuming a polarity-dependent effect of
tDCS (Nitsche and Paulus, 2000), RcLa tDCS may inhibit
excitability of contralateral corticospinal pathway from right
M1 due to cathodal stimulation. However, the bimanual
left handgrip force did not decrease in the RcLa condition;
rather, it was higher in this condition. Considering that left
M1 received the anodal stimulation in the RcLa condition,
it is possible that the facilitation of the ipsilateral motor
pathway from left M1 (Ziemann et al., 1999; Ziemann and
Hallett, 2001; Lacroix et al., 2004) and/or motor neurons
that are active during bimanual movement (Aizawa et al.,
1990; Donchin et al., 1998) in the left M1 affected bimanual
left handgrip force. However, there is no direct evidence
suggesting tDCS-induced facilitation of these motor pathways.
On the other hand, recent studies have reported that cathodal
tDCS of M1 increases corticospinal excitability regardless of
polarity-dependent effects (Batsikadze et al., 2013; Wiethoff
et al., 2014), and anodal tDCS of M1 increases bilateral
corticospinal excitability regardless of the side stimulated
(Rahman et al., 2020). Batsikadze et al. (2013) reported that
1 mA cathodal tDCS of M1 decreases corticospinal excitability,
whereas 2 mA cathodal tDCS increases it. In the present study,
the current intensity was 1.5 mA, which is stronger than
1 mA, so it may have modulated M1 to excitatory. In any
case, we did not assess corticospinal excitability and therefore
could not determine which parts of the neural circuits are
facilitated by tDCS. However, we found that bimanual handgrip
strength was greater in both hands in the RcLa condition.
Therefore, our findings suggested that RcLa tDCS leads to
brain states that can produce greater simultaneous bimanual
handgrip strength.

Effects of RcLa tDCS on Unimanual
Handgrip Strength
Interestingly, the RcLa condition was also associated with greater
unimanual handgrip strength, as well as bimanual handgrip

strength. Despite the right M1 receiving cathodal stimulation,
the unimanual left handgrip force in the RcLa condition was
higher than in the Sham condition. A recent study demonstrated
that tDCS of bilateral M1 promoted motor learning at both
the anodal and cathodal sides in unimanual movement (Waters
et al., 2017). Furthermore, the researchers reported increased
brain activity during learned unimanual movement (Waters
et al., 2017), suggesting polarity-independent neuroplasticity in
the tDCS of bilateral M1. This indicates that the motor limb
innervated by the M1 receiving cathodal stimulation may also
induce an improvement in unimanual movement. Moreover,
the unimanual right handgrip force was also higher in the
RcLa condition than in the Sham condition. These effects may
be associated with the facilitation of contralateral corticospinal
excitability in left M1. Bilateral tDCS produces improvement
of contralateral unimanual hand function, including precise
movement (Vines et al., 2008) and reaction time (Karok
et al., 2017). In the current study, we reproduced a previous
finding showing improvement of contralateral unimanual hand
movement by bilateral tDCS and demonstrated greater force-
generating capacity of unimanual right handgrip in the RcLa
condition. As mentioned in the previous section, it is difficult
to determine which neural circuits the RcLa tDCS facilitated.
However, greater unimanual left and unimanual right handgrip
strength were observed in the RcLa condition. Therefore,
rather than a polarity-dependent effect, it is possible that the
RcLa tDCS caused bilateral M1 to produce the brain states
generating large motor commands required for unimanual
force generation.

Effects of RaLc tDCS on Handgrip Strength
In contrast to RcLa tDCS, greater unimanual and bimanual
handgrip forces were not observed in either hand in the RaLc
condition, compared with those in the Sham condition. The
current study demonstrated that RcLa and RaLc tDCS induced
different changes in handgrip strength, indicating asymmetric
stimulus effects in the RcLa and RaLc conditions. However,
because there was no significant difference between the RcLa
and RaLc conditions, we were unable to draw any conclusions
regarding whether the effect depended on the electrode position.
Therefore, further studies examining the laterality of the brain
and differences in the direction of the current flow of tDCS
are needed.

Bilateral Deficit
In the current study, a trend in BLD for both left and
right handgrip was observed in the Sham condition, but this
was not significant. Because BLD appears to exhibit high
variability in magnitude and existence and appears to be
plastic (Škarabot et al., 2016), our results may have been
influenced by these effects. Although BLD in right handgrip
strength was observed in the RaLc and RcLa conditions, it
exhibited no apparent change. Because the greater unimanual
and bimanual handgrip strength were induced by RcLa tDCS,
no apparent changes in BLD were likely to have occurred.
In the RaLc condition, BLD appeared to be enhanced, but it
was not possible to determine whether this was due to an
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increase in unimanual right handgrip strength or a decrease
in bimanual right handgrip strength. Conversely, for the left
hand, no apparent BLD was observed in the RaLc and RcLa
conditions. A comparable increase in both unimanual and
bimanual left handgrip strength due to RcLa tDCS may not
affect the degree of BLD. Therefore, the correct interpretation
of the effect of bilateral tDCS on BLD in handgrip strength
remains unclear.

tDCS Applications in Sports Performance
and Neurorehabilitation
tDCS-induced improvements in sports performance have been
reported in endurance performance in cycling (Angius et al.,
2018) and unilateral single–joint movement (Cogiamanian et al.,
2007), and jumping performance (Lattari et al., 2020). However,
both positive (Tanaka et al., 2009; Krishnan et al., 2014) and
negative (Cogiamanian et al., 2007) effects of tDCS on MVC
strength have been reported. The current study revealed that
unimanual and bimanual handgrip strength in both hands were
greater in the RcLa condition, although the effect size was
relatively small (Estimate = 9–15 N; d = 0.08–0.14). However,
our findings will have practical importance in sports, where
0.01 s or 1 cm can make or break a game. In addition,
clinical studies have reported the efficacy of tDCS of bilateral
M1 in stroke patients (Lindenberg et al., 2010). The current
study revealed greater motor performance in healthy subjects,
providing evidence to inform the application of tDCS in
the treatment and neurorehabilitation of patients with motor
dysfunction.

Limitations
A limitation of the current study was the absence of pre/post
measurements. In the current study, considering the fatigue
effects caused by repeating the maximal handgrip test, the
experimental procedure was designed for comparison between
post-stimulation handgrip strength and the Sham condition.
However, pre/post design experiments are needed to investigate
whether tDCS clearly improves the handgrip strength in
each stimulation condition. As another limitation, anodal and
cathodal effects could not be separated because we did not
compare them with stimulation effects for a single brain
region. Future studies should compare these effects with high
definition tDCS. In the current study, because we did not
assess neurophysiological parameters, such as MEP amplitude
and IHI, it was difficult to identify the excitability of the
corticospinal motor pathway and transcallosal pathway. It is
necessary to evaluate the corticospinal excitability to assess the
different neuromodulation depending on the current intensity or
the direction of current flow. Furthermore, although handgrip
is a relatively simple experimental task, it involves both
agonist (flexor) and antagonist (extensor) muscle contractions
(Hoozemans and van Dieän, 2005). No stimulus effect was
seen in the EMG of the flexor digitorum superficialis in the
current study. Therefore, caution is necessary in interpreting
the handgrip results because interference of motor commands
may have occurred. In addition, although our results revealed
the difference between conditions in terms of group data,

individual data exhibited variability in response to tDCS for
the handgrip strength. Future studies are needed to clarify the
inter- (Wiethoff et al., 2014) and intra-individual variability
(Chew et al., 2015) of tDCS effects in order to explore
its application in sports. Taken together, because the neural
circuits involved in the experimental task and stimulation
parameters differ from study to study, studies examining the
effects of tDCS in various experimental paradigms should
be reported.

CONCLUSIONS

We investigated the effects of tDCS on bilateralM1 on unimanual
and simultaneous bimanual movements. The current findings
revealed greater unimanual and bimanual handgrip strength in
both hands after RcLa tDCS with the anode on left M1 and
the cathode on right M1. These findings suggest that the
neuromodulation induced by RcLa tDCS leads to brain states that
can produce greater unimanual and bimanual force generation.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from
the corresponding author, YA, with permission from our ethical
committee.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Human Subjects Committee at Chukyo
University Graduate School of Health and Sport Sciences. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

MH and YA designed the study, analyzed the measured data, and
wrote the article. MH performed the measurements. All authors
contributed to the article and approved the submitted version.

FUNDING

This work was supported by the Japan Society for the Promotion
of Science (JSPS) KAKENHI Grant Number 19J20371 and
21H03345, the Chukyo University Research Fund, and the
Research fund from Chukyo University Research Institute of
Health and Sport Sciences.

ACKNOWLEDGMENTS

We thank Benjamin Knight, MSc., from Edanz Group
http://en-author-services.edanz.com/ac for editing a draft
of this manuscript.

Frontiers in Human Neuroscience | www.frontiersin.org 8 June 2021 | Volume 15 | Article 674851

http://en-author-services.edanz.com/ac
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Hikosaka and Aramaki tDCS Effects on Bimanual Handgrip Strength

REFERENCES

Aizawa, H., Mushiake, H., Inase, M., and Tanji, J. (1990). An output zone of the
monkey primary motor cortex specialized for bilateral hand movement. Exp.
Brain Res. 82, 219–221. doi: 10.1007/BF00230856

Angius, L., Mauger, A. R., Hopker, J., Pascual-Leone, A., Santarnecchi, E., and
Marcora, S. M. (2018). Bilateral extracephalic transcranial direct current
stimulation improves endurance performance in healthy individuals. Brain
Stimul. 11, 108–117. doi: 10.1016/j.brs.2017.09.017

Antal, A., Alekseichuk, I., Bikson, M., Brockmoller, J., Brunoni, A. R., Chen, R.,
et al. (2017). Low intensity transcranial electric stimulation: safety, ethical,
legal regulatory and application guidelines.Clin. Neurophysiol. 128, 1774–1809.
doi: 10.1016/j.clinph.2017.06.001

Baayen, R. H., Davidson, D. J., and Bates, D. M. (2008). Mixed-effects modeling
with crossed random effects for subjects and items. J. Mem. Lang. 59, 390–412.
doi: 10.1016/j.jml.2007.12.005

Barr, D. J., Levy, R., Scheepers, C., and Tily, H. J. (2013). Random effects structure
for confirmatory hypothesis testing: keep it maximal. J. Mem. Lang. 68:13.
doi: 10.1016/j.jml.2012.11.001

Bates, D., Machler, M., Bolker, B. M., and Walker, S. C. (2015). Fitting linear
mixed-effects models using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.
v067.i01

Batsikadze, G., Moliadze, V., Paulus, W., Kuo, M.-F., and Nitsche, M. A. (2013).
Partially non-linear stimulation intensity-dependent effects of direct current
stimulation on motor cortex excitability in humans. J. Physiol. 591, 1987–2000.
doi: 10.1113/jphysiol.2012.249730

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate—a
practical and powerful approach to multiple testing. J. R. Stat. Soc. B Stat.
Methodol. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Brauer, M., and Curtin, J. J. (2018). Linear mixed-effects models and the analysis
of nonindependent data: a unified framework to analyze categorical and
continuous independent variables that vary within-subjects and/or within-
items. Psychol. Methods 23, 389–411. doi: 10.1037/met0000159

Carson, R. G. (2005). Neural pathways mediating bilateral interactions between
the upper limbs. Brain Res. Rev. 49, 641–662. doi: 10.1016/j.brainresrev.2005.
03.005

Chew, T., Ho, K. A., and Loo, C. K. (2015). Inter- and intra-individual variability
in response to transcranial direct current stimulation (tDCS) at varying current
intensities. Brain Stimul. 8, 1130–1137. doi: 10.1016/j.brs.2015.07.031

Cogiamanian, F., Marceglia, S., Ardolino, G., Barbieri, S., and Priori, A.
(2007). Improved isometric force endurance after transcranial direct current
stimulation over the human motor cortical areas. Eur. J. Neurosci. 26, 242–249.
doi: 10.1111/j.1460-9568.2007.05633.x

Colzato, L. S., Nitsche, M. A., and Kibele, A. (2016). Noninvasive brain stimulation
and neural entrainment enhance athletic performance—a review. J. Cogn.
Enhanc. 1, 73–79. doi: 10.1007/s41465-016-0003-2

Donchin, O., Gribova, A., Steinberg, O., Bergman, H., and Vaadia, E. (1998).
Primary motor cortex is involved in bimanual coordination. Nature 395,
274–278. doi: 10.1038/26220

Edwards, D. J., Cortes, M., Wortman-Jutt, S., Putrino, D., Bikson, M.,
Thickbroom, G., et al. (2017). Transcranial direct current stimulation and
sports performance. Front. Hum. Neurosci. 11:243. doi: 10.3389/fnhum.2017.
00243

Fan, J., Voisin, J., Milot, M. H., Higgins, J., and Boudrias, M. H. (2017).
Transcranial direct current stimulation over multiple days enhances motor
performance of a grip task. Ann. Phys. Rehabil. Med. 60, 329–333.
doi: 10.1016/j.rehab.2017.07.001

Furuya, S., Klaus, M., Nitsche, M. A., Paulus, W., and Altenmuller, E. (2014).
Ceiling effects prevent further improvement of transcranial stimulation in
skilled musicians. J. Neurosci. 34, 13834–13839. doi: 10.1523/JNEUROSCI.
1170-14.2014

Henry, F. M., and Smith, L. E. (1961). Simultaneous vs. separate bilateral
muscular contractions in relation to neural overflow theory and neuromoter
specificity. Res. Q. Am. Assoc. Health Phys. Educ. Recreat. 32, 42–46.
doi: 10.1080/10671188.1961.10762069

Hoozemans, M. J., and van Dieän, J. H. (2005). Prediction of handgrip forces
using surface EMG of forearm muscles. J. Electromyogr. Kinesiol. 15, 358–366.
doi: 10.1016/j.jelekin.2004.09.001

Hortobagyi, T., Taylor, J. L., Petersen, N. T., Russell, G., and Gandevia, S. C.
(2003). Changes in segmental and motor cortical output with contralateral
muscle contractions and altered sensory inputs in humans. J. Neurophysiol. 90,
2451–2459. doi: 10.1152/jn.01001.2002

Judd, C. M., Westfall, J., and Kenny, D. A. (2017). Experiments with
more than one random factor: designs, analytic models, and statistical
power. Annu. Rev. Psychol. 68, 601–625. doi: 10.1146/annurev-psych-122414-
033702

Kagerer, F. A., Summers, J. J., and Semjen, A. (2003). Instabilities during antiphase
bimanual movements: are ipsilateral pathways involved? Exp. Brain Res. 151,
489–500. doi: 10.1007/s00221-003-1496-3

Karok, S., Fletcher, D., and Witney, A. G. (2017). Task-specificity of unilateral
anodal and dual-M1 tDCS effects on motor learning. Neuropsychologia 94,
84–95. doi: 10.1016/j.neuropsychologia.2016.12.002

Kennerley, S. W., Diedrichsen, J., Hazeltine, E., Semjen, A., and Ivry, R. B.
(2002). Callosotomy patients exhibit temporal uncoupling during continuous
bimanual movements. Nat. Neurosci. 5, 376–381. doi: 10.1038/nn822

Kong, Y.-K., Hallbeck, M. S., and Jung, M.-C. (2010). Crosstalk effect on surface
electromyogram of the forearm flexors during a static grip task. J. Electromyogr.
Kinesiol. 20, 1223–1229. doi: 10.1016/j.jelekin.2010.08.001

Krishnan, C., Ranganathan, R., Kantak, S. S., Dhaher, Y. Y., and Rymer, W. Z.
(2014). Anodal transcranial direct current stimulation alters elbow flexor
muscle recruitment strategies. Brain Stimul. 7, 443–450. doi: 10.1016/j.brs.
2014.01.057

Kuznetsova, A., Brockhoff, P. B., and Christensen, R. H. B. (2017). lmerTest
package: tests in linear mixed effects models. J. Stat. Softw. 82:13.
doi: 10.18637/jss.v082.i13

Lacroix, S., Havton, L. A., McKay, H., Yang, H., Brant, A., Roberts, J., et al. (2004).
Bilateral corticospinal projections arise from each motor cortex in the macaque
monkey: a quantitative study. J. Comp. Neurol. 473, 147–161. doi: 10.1002/cne.
20051

Lattari, E., Campos, C., Lamego, M. K., Legey, S., Neto, G. M., Rocha, N. B., et al.
(2020). Can transcranial direct current stimulation improve muscle power in
individuals with advanced weight-training experience? J. Strength Cond. Res.
34, 97–103. doi: 10.1519/JSC.0000000000001956

Lenth, R. (2020). emmeans: Estimated Marginal Means, aka Least-Squares Means.
Available online at: https://cran.r-project.org/web/packages/emmeans/index.
html. Accessed November 10, 2020.

Lindenberg, R., Renga, V., Zhu, L. L., Nair, D., and Schlaug, G. (2010).
Bihemispheric brain stimulation facilitates motor recovery in chronic stroke
patients. Neurology 75, 2176–2184. doi: 10.1212/WNL.0b013e318202013a

Nitsche, M. A., and Paulus, W. (2000). Excitability changes induced in the human
motor cortex by weak transcranial direct current stimulation. J. Physiol. 527,
633–639. doi: 10.1111/j.1469-7793.2000.t01-1-00633.x

Oda, S., and Moritani, T. (1995). Movement-related cortical potentials
during handgrip contractions with special reference to force and
electromyogram bilateral deficit. Eur. J. Appl. Physiol. Occup. Physiol. 72,
1–5. doi: 10.1007/BF00964106

Ohtsuki, T. (1981). Decrease in grip strength induced by simultaneous
bilateral exertion with reference to finger strength. Ergonomics 24, 37–48.
doi: 10.1080/00140138108924828

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al.
(2004). Three-dimensional probabilistic anatomical cranio-cerebral correlation
via the international 10–20 system oriented for transcranial functional
brain mapping. NeuroImage 21, 99–111. doi: 10.1016/j.neuroimage.2003.
08.026

Oldfield, R. C. (1971). The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)
90067-4

Perez, M. A., Butler, J. E., and Taylor, J. L. (2014). Modulation of transcallosal
inhibition by bilateral activation of agonist and antagonist proximal arm
muscles. J. Neurophysiol. 111, 405–414. doi: 10.1152/jn.00322.2013

Perez, M. A., and Cohen, L. G. (2008). Mechanisms underlying functional changes
in the primary motor cortex ipsilateral to an active hand. J. Neurosci. 28,
5631–5640. doi: 10.1523/JNEUROSCI.0093-08.2008

Rahman, S., Siddique, U., Frazer, A., Pearce, A., and Kidgell, D. (2020).
tDCS Anodal tDCS increases bilateral corticospinal excitability irrespective of
hemispheric dominance. J. Sci. Med. 2, 1–17. doi: 10.37714/josam.v2i2.40

Frontiers in Human Neuroscience | www.frontiersin.org 9 June 2021 | Volume 15 | Article 674851

https://doi.org/10.1007/BF00230856
https://doi.org/10.1016/j.brs.2017.09.017
https://doi.org/10.1016/j.clinph.2017.06.001
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1113/jphysiol.2012.249730
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1037/met0000159
https://doi.org/10.1016/j.brainresrev.2005.03.005
https://doi.org/10.1016/j.brainresrev.2005.03.005
https://doi.org/10.1016/j.brs.2015.07.031
https://doi.org/10.1111/j.1460-9568.2007.05633.x
https://doi.org/10.1007/s41465-016-0003-2
https://doi.org/10.1038/26220
https://doi.org/10.3389/fnhum.2017.00243
https://doi.org/10.3389/fnhum.2017.00243
https://doi.org/10.1016/j.rehab.2017.07.001
https://doi.org/10.1523/JNEUROSCI.1170-14.2014
https://doi.org/10.1523/JNEUROSCI.1170-14.2014
https://doi.org/10.1080/10671188.1961.10762069
https://doi.org/10.1016/j.jelekin.2004.09.001
https://doi.org/10.1152/jn.01001.2002
https://doi.org/10.1146/annurev-psych-122414-033702
https://doi.org/10.1146/annurev-psych-122414-033702
https://doi.org/10.1007/s00221-003-1496-3
https://doi.org/10.1016/j.neuropsychologia.2016.12.002
https://doi.org/10.1038/nn822
https://doi.org/10.1016/j.jelekin.2010.08.001
https://doi.org/10.1016/j.brs.2014.01.057
https://doi.org/10.1016/j.brs.2014.01.057
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1002/cne.20051
https://doi.org/10.1002/cne.20051
https://doi.org/10.1519/JSC.0000000000001956
https://cran.r-project.org/web/packages/emmeans/index.html
https://cran.r-project.org/web/packages/emmeans/index.html
https://doi.org/10.1212/WNL.0b013e318202013a
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1007/BF00964106
https://doi.org/10.1080/00140138108924828
https://doi.org/10.1016/j.neuroimage.2003.08.026
https://doi.org/10.1016/j.neuroimage.2003.08.026
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1152/jn.00322.2013
https://doi.org/10.1523/JNEUROSCI.0093-08.2008
https://doi.org/10.37714/josam.v2i2.40
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Hikosaka and Aramaki tDCS Effects on Bimanual Handgrip Strength

Reardon, S. (2016). ‘Brain doping’ may improve athletes’ performance.Nature 531,
283–284. doi: 10.1038/nature.2016.19534

Škarabot, J., Cronin, N., Strojnik, V., and Avela, J. (2016). Bilateral deficit
in maximal force production. Eur. J. Appl. Physiol. 116, 2057–2084.
doi: 10.1007/s00421-016-3458-z

Swinnen, S. P. (2002). Intermanual coordination: from behavioral principles
to neural-network interactions. Nat. Rev. Neurosci. 3, 348–359.
doi: 10.1038/nrn807

Tanaka, S., Hanakawa, T., Honda, M., and Watanabe, K. (2009). Enhancement of
pinch force in the lower leg by anodal transcranial direct current stimulation.
Exp. Brain Res. 196, 459–465. doi: 10.1007/s00221-009-1863-9

Tazoe, T., Endoh, T., Kitamura, T., and Ogata, T. (2014). Polarity specific effects
of transcranial direct current stimulation on interhemispheric inhibition. PLoS
One 9:e114244. doi: 10.1371/journal.pone.0114244

Vines, B.W., Cerruti, C., and Schlaug, G. (2008). Dual-hemisphere tDCS facilitates
greater improvements for healthy subjects’ non-dominant hand compared
to uni-hemisphere stimulation. BMC Neurosci. 9:103. doi: 10.1186/1471-22
02-9-103

Waters, S., Wiestler, T., and Diedrichsen, J. (2017). Cooperation not competition:
bihemispheric tDCS and fMRI show role for ipsilateral hemisphere in
motor learning. J. Neurosci. 37, 7500–7512. doi: 10.1523/JNEUROSCI.3414-
16.2017

Westfall, J. (2016). PANGEA: Power ANalysis for GEneral Anova designs [Online].
Available online at: https://jakewestfall.shinyapps.io/pangea/. Accessed July
19, 2019.

Westfall, J., Kenny, D. A., and Judd, C. M. (2014). Statistical power and optimal
design in experiments in which samples of participants respond to samples of
stimuli. J. Exp. Psychol. Gen. 143, 2020–2045. doi: 10.1037/xge0000014

Wiethoff, S., Hamada, M., and Rothwell, J. C. (2014). Variability in response to
transcranial direct current stimulation of the motor cortex. Brain Stimul. 7,
468–475. doi: 10.1016/j.brs.2014.02.003

Ziemann, U., and Hallett, M. (2001). Hemispheric asymmetry of ipsilateral
motor cortex activation during unimanual motor tasks: further evidence
for motor dominance. Clin. Neurophysiol. 112, 107–113. doi: 10.1016/s1388-
2457(00)00502-2

Ziemann, U., Ishii, K., Borgheresi, A., Yaseen, Z., Battaglia, F., Hallett, M., et al.
(1999). Dissociation of the pathways mediating ipsilateral and contralateral
motor-evoked potentials in human hand armmuscles. J. Physiol. 518, 895–906.
doi: 10.1111/j.1469-7793.1999.0895p.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Hikosaka and Aramaki. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 10 June 2021 | Volume 15 | Article 674851

https://doi.org/10.1038/nature.2016.19534
https://doi.org/10.1007/s00421-016-3458-z
https://doi.org/10.1038/nrn807
https://doi.org/10.1007/s00221-009-1863-9
https://doi.org/10.1371/journal.pone.0114244
https://doi.org/10.1186/1471-2202-9-103
https://doi.org/10.1186/1471-2202-9-103
https://doi.org/10.1523/JNEUROSCI.3414-16.2017
https://doi.org/10.1523/JNEUROSCI.3414-16.2017
https://jakewestfall.shinyapps.io/pangea/
https://doi.org/10.1037/xge0000014
https://doi.org/10.1016/j.brs.2014.02.003
https://doi.org/10.1016/s1388-2457(00)00502-2
https://doi.org/10.1016/s1388-2457(00)00502-2
https://doi.org/10.1111/j.1469-7793.1999.0895p.x
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	 Effects of Bilateral Transcranial Direct Current Stimulation on Simultaneous Bimanual Handgrip Strength
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Experimental Design
	Transcranial Direct Current Stimulation
	Data Acquisition and Processing
	Statistical Analysis

	RESULTS
	Linear Mixed-Effects Model Analysis of Maximal Handgrip Force and IEMG
	Bilateral Deficit
	Adverse Effects and Placebo Effect

	DISCUSSION
	Effects of RcLa tDCS on Bimanual Handgrip Strength
	Effects of RcLa tDCS on Unimanual Handgrip Strength
	Effects of RaLc tDCS on Handgrip Strength
	Bilateral Deficit
	tDCS Applications in Sports Performance and Neurorehabilitation
	Limitations

	CONCLUSIONS
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


