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Abstract

Background: The better performance of elite athletes than others may be due to their better mental and psychological

advantages. Transcranial direct current stimulation (tDCS) is an attractive technique to improve the physical and mental

functions in recent years.

Objectives: This study aimed to examine the effects of single and dual tDCS of M1 and DLPFC regions on motor and cognitive

functions in male gymnasts.

Methods: Sixteen male gymnasts (age mean = 21.70 ± 0.66 years) who were selected randomly, exposed to 4 different

intervention conditions in 4 separate sessions with a one-week interval between the sessions, including (1) anodal stimulation

of the M1 area; (2) anodal stimulation of the left DLPFC area; (3) simultaneous stimulation of M1 and DLPFC areas; (4) sham

stimulation. After ensuring the normal distribution using shapiro-whilk test, gathered data were analyzed with two- way

repeated measures ANOVA.

Results: The results showed that single and dual tDCS of M1 and DLPFC regions had a significant effect on improving bimanual

coordination, eye-hand coordination, reaction time, working memory, and selective attention of male gymnasts. Also,

considering the observed effect size, the M1& DLPFC stimulation condition had a greater effect than other stimulation

conditions.

Conclusions: Based on present findings coaches and sports physiologists can improve the performance of their athletes with

inclusion single and dual tDCS into their training routines.

Keywords: Coordination, Reaction Time, Selective Attention, tDCS, Working Memory

1. Background

The exceptional advancement of professional sports

in recent years and the unprecedented pressure on

athletes to maintain readiness for extended periods and

achieve optimal results have sparked an interest in

utilizing novel and effective methods and strategies to
improve athletic performance (1). The physical

characteristics of individuals participating in a

particular sport are influenced by many physical,

physiological and psychological factors. With the

advancement in neuroscience, researchers have started
unraveling brain mechanisms (2).

In recent decades, the use of technology in designing

training sessions to improve learning capacity and

enhance cognitive and motor abilities that affect sports

skills and motor tasks, has been increasing (3). In this
regard, the use of brain wave electroencephalography

(EEG) techniques (4), electromyography (EMG) of

neuromuscular activity (5), or transcranial direct

current stimulation (tDCS) of the brain has increased

(6). The tDCS technique is one of the non-invasive, low-
cost methods. Transcranial direct current stimulation

passes a direct current in the range of 0.5 to 2 milliamps

through the skull using electrodes measuring 25 to 35

square centimeters and modulates the activity of

different areas of the brain (7-10). The history of tDCS use

dates back to the elucidation of the biological effects of

this type of brain stimulation (11). For two centuries,

direct current has been used to treat mental disorders

(12), and studies in humans and animals have shown
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that anodal tDCS increases cortical excitability (13).

Although the mechanism of tDCS is not clear, this

method can increase cortical activity and lead to
spontaneous neural firing (3). However, the mechanism

of tDCS is not limited to changing the membrane
potential of nerve cells and spontaneous neural firing.

In fact, some studies have shown that tDCS can cause

changes in synaptic function, which is achieved by
changing the synaptic power of membrane receptors

(14). Also, tDCS affects cortical neurons and corticospinal
pathways (15). On the other hand, investigations into the

effects of tDCS on motor function have primarily

centered on the primary motor cortex, revealing its

crucial role in this area (14). Anodal tDCS has been

shown to induce long-term potentiation (LTP) in the
primary motor cortex, leading to changes in brain

plasticity (16). M1 has also been shown to play a role in
postural control, as it is part of the prefrontal-basal

ganglia network (6). Furthermore, in 2012, Dutta and

Chugh demonstrated that 10 minutes of anodal tDCS
over M1 can improve static postural stability with eyes

closed in young adults (13, 17). Overall, it can be stated
that different brain regions play roles in various

behavioral and cognitive functions and may even have

overlapping effects when these different regions are
stimulated simultaneously.

Past studies have reported positive effects of tDCS,

but primarily on brain excitability or specific diseases,

not athletic performance. Despite the importance of

skilled motor and cognitive performance in sports,

there is limited research on the effectiveness of tDCS for

improving athletic performance and the underlying

mechanisms.

2. Objectives

This study aims to address this gap by investigating
the immediate effects of single and dual tDCS

interventions on the motor and cognitive performance
of gymnasts, a sport that demands complex skill

acquisition and learning.

3. Methods

3.1. Subjects

The present research was an experimental study

within-group design with four conditions. The sample

size was calculated using software version 3.1 with 80%

statistical power, 35% effect size (Cohen's d), and a

significance level of 0.05, and taking into account the

statistical test. Working memory (WM) was the primary

variable in this research, with the anticipated effect size

for determining the sample size based on a recent study

conducted in this field (18). According to G*Power

output, 13 subjects were deemed adequate for this
research; however, considering a 20% dropout rate, 16

male (age mean = 21.70 ± 0.66 years) who attended
sports clubs in Kermanshah in 2023, participated

voluntarily in this study. None of the subjects had a

history of chronic diseases such as cardiovascular
diseases, diabetes, various cancers, kidney and digestive

disorders, or any injury or problem that would prevent
them from participating in physical activities.

3.2. Procedure

The subjects attended the laboratory in 5 separate
sessions. The first session was considered to familiarize

the subjects with the research process, how to apply
brain stimulation, and also the method of measuring

the research variables. Following the familiarization

session, participants underwent a randomization
process, allocating them to four distinct intervention

conditions. The research design employed a staggered
approach, with subjects exposed to these varying

conditions during four separate sessions, each spaced
one week apart, including:

- Condition 1: Anodal tDCS of the M1 (a-tDCS-M1) area

- Condition 2: Anodal tDCS of the left DLPFC area (a-

tDCS-DLPFC)

- Condition 3: Anodal tDCS of M1 and DLPFC areas (a-
tDCS-M1& DLPFC)

- Condition 4: Sham tDCS (s-tDCS).

In each session, the desired variables were measured

before and after the application of brain stimulation.

During the intervention period, the subjects should not

participate in activities that affect the results of the

research, and the necessary explanations were given to

them in this regard. Participants who received both real

and s-tDCS reported only slight itching, mainly due to

mild burning.

In the current study, to target specific areas (M1 and

DLPFC areas), the 10 - 20 international brain mapping

method and a specialized EEG cap were utilized for
stimulation. Participants were instructed to sit on a

comfortable chair positioned in the predetermined
location. Depending on the stimulation type for the

session, the target electrode areas were marked using
the specialized EEG cap and electrodes were then

positioned accordingly. For stimulating the left M1 area,

the anode electrode was placed in the C3 area and the
cathode electrode on the left shoulder. To stimulate the

left DLPFC area, the anode electrode was placed on the F3
area and the cathode electrode on the AF8 area (19). For
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simultaneous stimulation, the anode electrodes were

placed on the C3 (M1) and F3 (DLPFC) areas of the left

hemisphere with the cathode electrodes on the

supraorbital area (Fp2) of the right hemisphere. During

sham stimulation state, the electrode placement
method mirrored that of simultaneous stimulation

(20).

Participants underwent 20 minutes of 2-

milliamperes anodal electrical stimulation, seated, in

silence. This double-blind study kept both subjects and

primary researchers unaware of stimulation type until

completion. A non-team member randomized

stimulation orders, and measures hid the tDCS device

and procedure from participants' view to ensure they

remained unaware of the stimulation protocol. The

primary researcher was absent during electrode

application and removal, further ensuring participant

blinding.

3.3. Data Analysis

Based on the Shapiro-wilk test results, the data for

two-handed coordination (THC), eye-hand coordination

(EHC), reaction time (RT), WM, and selective attention

(SA) were normally distributed (P > 0.05), a two-way (2

time × 4 condition) repeated measures ANOVA was used

to analyze the these variables. For pairwaise

comparision a one-way ANOVA with repeated measures

and paired t-test was used. The significance level of P ≤

0.05 was considered in all statistical tests. Statistical

analysis was performed using SPSS version 26.

4. Results

Two-way ANOVA with repeated measures revealed the

interaction effect of conditions × time was significant

for all varibles (Table 1). One-way ANOVA with repeated

measure results for all variables showed no significant

differences between the conditions at the pre-test (P >

0.05). However, during the post-test EHC scores were

significantly higher in the condition 2 compared to the

condition 3 (P = 0.004) and 1 (P = 0.002). Additionally, RT

was significantly lower in the condition 3 compared to

the condition 1 (P = 0.030). Furthermore, WM and SA

scores in the post-test were significantly better in the

condition 3 compared to the conditions 1 (WM: P =

0.026; SA: P=0.005) and 4 (WM: P= 0.021; SA: P < 0.001).

Paired t-test results showed significant

improvements from pre-test to post-test of condition 1

on THC (P < 0.001, Δ = 27.88%, Cohen's d = 1.16), EHC (P =

0.000, Δ = 53.48%, Cohen's d = 1.74), and RT (P = 0.026, Δ =

-1.98%, Cohen's d = 0.16). Condition 3 also displayed

improvement from pre-test to post-test for THC (P =

0.030, Δ = 7.19%, Cohen's d = 0.44), EHC (P < 0.001, Δ =

20%, Cohen's d = 1.03), and RT (P < 0.001, Δ = -9.98%,

Cohen's d = 0.70). The results indicated significant

differences in WM from pre-test to post-test for

condition 1 (P = 0.030, Δ= 5.23%, d=0.26), condition 2 (P <
0.001, Δ = 16.59%, d = 1.27), condition 3 (P < 0.001, Δ =

19.83%, d = 1.08), and condition 4 (P = 0.028, Δ = 6.33%, d =

0.43). Similarly, a significant difference in SA was

observed between the pre-test and post-test for

condition 1 (P < 0.001, Δ = -16.75%, d = 0.59), condition 2
(P < 0.001, Δ=-35.61%, d = 0.77), condition 3 (P < 0.001, Δ =

-58.31%, d = 1.66), and condition 4 (P < 0.001, Δ = -21.84%, d

= 0.67) (Figure 1).

5. Discussion

The present study aimed to investigate the

effectiveness of single and dual tDCS of the M1 and

DLPFC regions on the motor and cognitive performance

of male gymnasts. The findings of this study can be

examined from two perspectives. First, the results of this

study demonstrated that single and dual tDCS of the M1

and DLPFC regions had a significant impact on

improving THC, EHC, RT, WM and SA, leading to

enhanced performance and learning among

participants. Second, the results of this study indicated

that the M1& DLPFC stimulation condition had a greater

effect than the other stimulation conditions.

These research findings are in direct agreement with

those of Shahbazi et al. (21), Rezaei Sharif et al. (22), and

Jin et al. (23), However, they are inconsistent with the

results of Seidel and Ragert (24) and Gomes-Osman and
Field-Fote (25). The number of stimulation sessions and

the research protocol could be among the reasons for

this inconsistency. For instance, in the study by Seidel et

al. the effect of tDCS on simple RT and tapping was

examined among trained football players, handball

players, and non-athletes. The purpose of this study was

to determine whether trained athletes, compared to

non-athletes, demonstrate more effective tDCS-related

gains. The findings revealed that tDCS had no effect on

simple RT and tapping at various time points examined

among athletes and non-athletes (24). However, indirect

studies in this field have shown that DLPFC stimulation

maintains alertness and attention (26). Transcranial

direct current stimulation of the DLPFC region has also

been linked to improvements in visual search (27). In

this regard, McIntire et al. (28) suggest that tDCS

stimulation initially increases and then maintains

alertness and attention performance, which is

consistent with the findings of the present study.

In terms of the effectiveness of these exercises, it can

be argued that electrical brain stimulation of the
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Table 1. Results of Two-Way ANOVA with Repeated Measures

Variables and Factor F DF P Effect Size

THC

Conditions × time 2.90 1.64 0.048 0.195

Time 0.170 1 0.688 0.014

Conditions 7.512 1.678 0.005 0.385

EHC

Conditions × time 3.948 3 0.016 0.248

Time 1.634 1 0.225 0.120

Conditions 19.101 1.595 0.000 0.614

RT

Conditions × time 6.373 1.596 0.011 0.347

Time 2.439 1 0.144 0.169

Conditions 5.517 1.316 0.025 0.315

WM

Conditions × time 7.782 1.878 0.003 0.393

Time 0.387 1 0.546 0.031

Conditions 10.611 1.745 0.001 0.469

SA

Conditions × time 14.924 1.652 0.000 0.554

Time 0.773 1 0.397 0.061

Conditions 19.219 2.141 0.000 0.616

Abbreviations: THC, two-handed coordination; EHC, eye-hand coordination; RT, reaction time; WM, working memory; SA, selective attention.

cerebellum and motor cortex increases the excitability

of brain cells, accelerates the process of neural plasticity,

and leads to improved motor learning (29). Additionally,

during motor learning, functional and structural

changes occur in certain neural networks, such as the

M1 and DLPFC, altering the behavioral and neural

relationships associated with motor learning.

It is proposed that the beneficial effects of tDCS on

motor learning may be related to the strengthening of

these neural networks and the enhancement of

physiological and cellular changes that occur with

practice, particularly since it can reduce the levels of

inhibitory neurotransmitters (such as gamma-

aminobutyric acid) or increase the levels of excitatory

neurotransmitters and facilitate motor performance

and learning by improving parameters that enhance

motor cortex excitability (30). Another possible effect of

tDCS is the increase in BDNF levels as a result of

stimulation, which can aid in neural potential storage

and enhance motor learning (31).

The findings of the present study have significant

implications. First, gymnasts can achieve better THC,

EHC, RT, WM, SA and overall performance and learning,

which can directly compensate for training condition-

related inconsistencies. Second, the guidelines for single

and dual tDCS of the M1 and DLPFC regions improve the

motor and cognitive performance of male gymnasts.

Therefore, these findings have specific applications in

the abilities of gymnasts and other sports disciplines

where skilled cognitive and motor performance are

reciprocally influenced by psychological and

physiological stresses. Consequently, it is suggested that

sports coaches and physiologists further enhance the

athletic performance and learning of their athletes

through the application of single and dual tDCS.

The study had limitations, including a small sample

size, which prevents conclusions about the effectiveness

of single-site or dual-site conditions on motor learning.

Future research should focus on long-term effects and

investigate learning outcomes over a longer period. The

variation in tDCS stimulation features has also made it

challenging to design standardized protocols.

Generally, the results suggest that single-area

stimulation of the M1 region is the most effective

method for enhancing motor performance. Transcranial

direct current stimulation may reduce inhibitory

neurotransmitters or increase stimulated

neurotransmitters, improving excitability and

facilitating motor skills (32). Stimulating the primary

motor cortex increases output and improves

performance. Additionally, stimulating both the M1 and

DLPFC has a positive impact on athletes' cognitive
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Figure 1. Mean values of the eye-hand coordination (EHC); two-handed coordination (THC); reaction time (RT); working memory (WM) and selective attention (SA) at the
specified time points. * = Significant difference with DLPFC; & = Significant difference with M1& DLPFC; # = Significant difference with Sham.

abilities, modulating a range of functions from

attention to WM (33, 34).
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