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Abstract

Background: Sports fatigue in soccer athletes has been shown to decrease neural activity, impairing cognitive function and negatively af-
fecting motor performance. Transcranial direct current stimulation (tDCS) can alter cortical excitability, augment synaptic plasticity, and
enhance cognitive function. However, its potential to ameliorate cognitive impairment during sports fatigue remains largely unexplored.
This study investigated the effect of dual-site tDCS targeting the dorsolateral prefrontal cortex (DLPFC) or primary motor cortex (M1) on
attention, decision-making, and working memory in elite soccer athletes during sports fatigue. Methods: Sports fatigue was induced in
23 (non-goalkeeper) elite soccer athletes, who then participated in three counterbalanced intervention sessions: dual-site tDCS over the
M1, dual-site tDCS over the DLPFC, and sham tDCS. Following tDCS, participants completed the Stroop, Iowa Gambling, and 2-back
tasks. Results: We found a significant improvement in Stroop task accuracy following dual-site anodal tDCS over the M1 compared with
the sham intervention in the incongruent condition (p = 0.036). Net scores in the Iowa Gambling task during blocks 4 (p = 0.019) and 5
(p = 0.014) significantly decreased under dual-site tDCS targeting the DLPFC compared with the sham intervention. No differences in
2-back task performance were observed between sessions (all p > 0.05). Conclusions: We conclude that dual-site anodal tDCS applied
to the M1 enhanced attention performance while tDCS targeting the DLPFC increased risk propensity in a decision-making task during
sports fatigue in elite soccer athletes. However, dual-site anodal tDCS targeting either the M1 or DLPFC did not significantly influence
working memory performance during sports fatigue in this population. These preliminary findings suggest that dual-site tDCS targeting
the M1 has beneficial effects on attention performance, potentially informing future research on sports fatigue in athletes. Clinical Trial
Registration: No: NCT06594978. Registered 09 September, 2024; https://clinicaltrials.gov/search?cond=NCT06594978.
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1. Introduction
Sports fatigue is characterized as a decline in cogni-

tive function and the capacity to sustain the desired level
of exercise intensity and originates from muscular contrac-
tile properties and central nervous system influences [1,2].
Research has shown that sports fatigue not only dimin-
ishes an athlete’s peak performance [3] but also increases
the risk of injuries [4] and affects overall health [5]. Soc-
cer, an endurance-based team sport, is characterized by ex-
tended low-intensity activity interspersed with short, fre-
quent high-intensity sprints and dynamic movements, such
as changes in direction, passing, dribbling, and tackling [6–
8]. This physically demanding regimen leads to sports fa-
tigue [9], which can diminish high-speed running and the
distances sprinted towards the end of a match and reduce
the quality of technical performance [10–12]. Thomas et

al. [13] have demonstrated that sports fatigue induced by
simulated soccer match-play can last for as long as 72 hours
following exercise.

Attention, decision-making, and working memory are
critical cognitive functions for the adequate performance
of soccer players [14–18]. These functions involve sev-
eral brain circuits, including the dorsolateral prefrontal cor-
tex (DLPFC), anterior cingulate cortex, and parietal cortex
[19]. The prefrontal cortex (PFC) is recognized as a crucial
component of the cognitive control network [20,21]. Dur-
ing a soccer match, players must maintain focus, continu-
ously receive and process information, and execute rapid
and precise decisions to navigate interactions with team-
mates and opponents in a dynamic, fast-paced, and unpre-
dictable environment [22,23]. However, a review has high-
lighted sports fatigue’s detrimental effects on team sports
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players’ decision-making, attention, and perceptual skills
[24]. Some studies found that exercise-induced fatigue can
increase response time and the number of mistakes [25–27],
impair attentional and perceptual capabilities [28], and dis-
rupt decision-making ability [29]. Research has also shown
that excessive physical training leads to cognitive control
fatigue and decision-making impulsivity, which are linked
to reduced PFC activity [30]. Given the pivotal role of
attention, decision-making, and working memory perfor-
mance in soccer, it is vital to explore methods and interven-
tions that enhance the cognitive functions of soccer players
experiencing fatigue.

Transcranial direct current stimulation (tDCS) is a
non-invasive brain stimulation technique that modulates
cortical excitability and activity based on polarity and oper-
ates by delivering a consistent, low-intensity electrical cur-
rent to designated areas of the brain [31,32]. This modula-
tion influences the spontaneous firing rates of cortical neu-
rons through depolarization or hyperpolarization of their
resting membrane potentials [31,33]. Notably, the after-
effects of tDCS can persist for approximately 90 minutes
post-stimulation [33,34]. tDCS can improve cognitive abil-
ities by modulating cortical plasticity, activating specific
brain areas, and impacting cognition-related brain networks
by changing their functional connectivity and fostering co-
operative interactions among different brain areas [35]. Ex-
tensive studies have explored the impacts of tDCS admin-
istered to the PFC on cognitive functions in healthy adults
[36,37]. Specifically, studies have demonstrated that an-
odal tDCS targeting the DLPFC enhances attention [38,39],
improves decision-making [40–42], and boosts working
memory performance [43,44].

The PFC and the primary motor cortex (M1) are cru-
cial areas shown to substantially impact both cognitive and
physical performance [45]. The DLPFC is vital for en-
hancing fatigue resistance through the regulation of motiva-
tion, cognitive control, and decision-making [46–48]. The
primary neuromodulatory role of the DLPFC involves in-
hibitory control over the amygdala and the hypothalamic–
pituitary–adrenal axis [47]. This inhibitory capacity pri-
marily depends on its connectivity with subcortical regions
[49,50]. A reduction in PFC oxygenation has consistently
been observed to precede the onset of fatigue [51,52]. Dur-
ing an intense match, the neural activation of DLPFC,
which was vital in the cognitive control process, was re-
duced due to sports fatigue [47]. The reduction in DLPFC
impairs the ability to maintain cognitive performance, thus
leading to the decline in cognitive functions that are crucial
for strategic decision-making, attention and working mem-
ory in soccer matches. M1 serves as a hub brain region,
processing various inputs from numerous cortical and sub-
cortical areas [53,54]. M1 is a key cortical area responsible
for motor inhibition and managing both the preparation and
suppression of movements through its intrinsic motor pro-
gramming circuits, which encode descending motor com-

mands [55,56]. The diminished capacity of the M1 to aug-
ment the compensatory neural drive for reduced spinal ex-
citability leads to a decline in muscular capacity, resulting
in sports fatigue [1,2,57]. Impaired cognitive and exercise
performance during sports fatigue may be attributed to de-
creased corticospinal excitability, as well as to reduced mo-
tor drive originating from theM1 or an upstream region like
the DLPFC. This reduction is caused by the processing of
peripheral feedback, various emotional states, motivation,
perceived exertion, emotional responses, pain, emotional
disorders, and cognitive control [1,45,48,58]. Additionally,
the decline in DLPFC induced by sports fatigue may influ-
ence its regulatory control over M1, leading to decreased
sports performance [45]. The precision and coordination of
movement modulated by M1 are impaired due to the de-
clined top-down control to motor functions by the DLPFC
[48]. This interconnected phenomenon of alterations in the
activity of both the DLPFC and M1, which results in de-
creased cognitive and motor performance, is a crucial as-
pect of sports fatigue. Therefore, modulating activity in
these two brain regions could significantly improve cogni-
tive functions during sports fatigue.

Recent research has demonstrated that tDCS improves
fatigue resistance. An anodal tDCS session targeting the
M1 or DLPFC have been shown to enhance cycling dura-
tion before exhaustion onset [59–61]. Angius et al. [62]
reported that dual-site anodal tDCS over the M1 enhanced
corticospinal excitability as well as the time to task fail-
ure during cycling in healthy individuals. Pollastri et al.
[63] reported an improvement in the cycling time-trial per-
formance of elite cyclists when bilateral anodal tDCS was
delivered over bilateral DLPFC. Upregulating the DLPFC
through tDCS may decrease the cognitive effort needed
for elite cyclists to maintain inhibitory control, thereby
enabling them to generate greater power output for the
same perceived exertion level [63]. In addition, Moreira
et al. [64] described improvements in well-being and au-
tonomic function in elite male soccer players following of-
ficial matches through tDCS over the DLPFC, suggesting
that tDCS can be an effective strategy to facilitate recovery
in sports fatigue. However, the effect of tDCS on atten-
tion, decision-making, and working memory in elite soccer
players during sports fatigue remains unclear.

Research has demonstrated the bilateral distribution of
neural activation within the DLPFC [65]. Although ear-
lier studies evaluated the effects of tDCS targeting the left
DLPFC on cognitive function, recent research has found
that the right DLPFC also plays an essential role [66–70].
Furthermore, imaging studies have demonstrated an asso-
ciation between cognitive functions and the right DLPFC
[71–73]. The enhanced activation of the right PFC is re-
lated to enhanced conflict-driven cognitive control [72].
In addition, motor tasks (e.g., cycling) involving both the
right and left legs suggest robust control by the contralateral
hemisphere [63]. A study found that dual-site anodal tDCS
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applied to the M1, with cathodal electrodes positioned on
the shoulders, enhanced corticospinal excitability and fa-
tigue resistance [62]. Evidence has suggested thatmulti-site
stimulation may augment the effects of tDCS [74]. Fischer
et al. [74] found that, compared with a single-site tDCS
applied to the M1, multi-site tDCS more than doubled cor-
tical excitability. Multi-site tDCSmight activate broad neu-
ral circuits due to its synergistic effects, potentially enhanc-
ing the tDCS effects [74]. The dual-site montage, with an-
ode electrodes positioned over the target brain regions and
cathodal electrodes on the shoulders, enables simultaneous
stimulation of M1 or both DLPFCs. This extracephalic
montage canminimize the impact of the cathodal electrodes
on other brain areas [62]. Research shows that, compared
with cephalic montages, extracephalic tDCS montages tar-
geting the M1 might generate higher total current densities
in deeper brain regions (e.g., white matter) and tend to pro-
duce greater average vertical current densities in both M1
and somatosensory cortices [75]. Given these potential ad-
vantages of dual-site tDCS, the present study investigated
the effects of dual-site tDCS of theDLPFC andM1 on atten-
tion, decision-making, and working memory in elite soccer
athletes during sports fatigue, hypothesizing that this inter-
vention would improve these cognitive functions.

2. Materials and Methods
2.1 Participants

Twenty-three non-smoking elite soccer athletes (ex-
cluding goalkeepers) participated in this study (sex: eight
females; age: 20.6 ± 0.4 years; training years: 7.9 ±
0.6 years; training volume: 98.5 ± 7.1 min/session; train-
ing frequency: 5.0 ± 0.4 d/week). All participants were
national-level athletes and were recruited from Beijing
Sport University with no dropout. Prior to participation,
none of the participants reported any pregnancies; family
history of epilepsy; metallic head implants; neurological,
psychiatric, or musculoskeletal disorders; or severe sports
injuries. Handedness was assessed using Oldfield’s Edin-
burgh Handedness Inventory, identifying four individuals
as neutral and the remainder as right-handed. All experi-
mental procedures were conducted in strict compliancewith
the Declaration of Helsinki’s ethical standards and were
approved by Beijing Sport University’s ethics committee
(No.2020070H).

2.2 Physiological and Perceptual Measures
Heart rate (HR), rating of perceived exertion (RPE),

and blood lactate (BLa) data were obtained using an HR
monitor (V800, Polar Electro OY, Kempele, Finland), the
Borg 6–20 RPE scale, and a lactate scout+ analyzer (EKF
Lactate Scout, Magdeburg, Germany), respectively. HR
and RPE were documented in the last five seconds per
minute and upon completion of maximal incremental ex-
ercise protocol, and before and after cognitive performance

assessments and tDCS interventions. BLa levels were de-
termined from blood samples taken from the left fingertip
immediately after exercise.

Successful induction of sports fatigue was ascertained
when HR, RPE, and BLa met at least two of the three spe-
cific criteria: (i) HR within± 10 b/min of the age-predicted
maximum (207–0.7× age in years) [76] or a change in HR
(∆HR) of ≤4 b/min between two consecutive work rates
[77], (ii) RPE ≥17, and (iii) BLa ≥8 mmol/L [78].

2.3 Maximal Incremental Exercise Protocol
Sports fatigue was induced by maximal incremental

exercise. The maximal incremental exercise protocol was
conducted using a cycle ergometer (Ergoline Ergoselect
100K, Ergoline, Bitz, Germany) with an appropriate saddle
height and handlebar position. Time to exhaustion (TTE)
was determined when participants were unable to sustain a
rate of 60 revolutions per minute for more than 5 seconds.
Peak power output (PPO) was defined as the maximum in-
tensity that a participant maintained on the ergometer for
over one minute.

2.4 Cognitive Performance Tests
Attention, decision-making, and working memory

performance were assessed using the Stroop Color-Word
task, the Iowa Gambling task, and the 2-back task, respec-
tively. All tasks were performed using E-prime 3.0 soft-
ware (Psychology Software Tools, Pittsburgh, PA, USA) on
a 17-inch computer monitor.

2.4.1 The Stroop Color-Word Task
The Stroop Color-Word task was presented on a black

background. The stimuli were presented in the center of
the screen and comprised four color names written in Chi-
nese characters—i.e.,红 for red,绿 for green,蓝 for blue,
and 黄 for yellow. Each stimulus had a font size of 2.5
cm and was viewed from a comfortable eye-to-monitor dis-
tance. The task included congruent, neutral, and incongru-
ent trials. These trials were presented in equal numbers and
randomized sequence. In the congruent condition, Chinese
color words appeared in their corresponding color ink (e.g.,
the word “红” in red ink). In the neutral condition, a series
of three “X”s appeared in one of the four colors. In the in-
congruent condition, color words were shown in colors dif-
ferent from their written meanings (e.g., the word “红” in
green ink). Participants responded on a keyboard with four
designated keys (D for red, F for green, J for blue, K for yel-
low), and the task was to press the corresponding color but-
ton both quickly and accurately. Participants conducted a
practice blockwith 18 trials before formal expriment. Then,
participants completed two expriment blocks,each consist-
ing of 72 trials. Each word stimulus was displayed for 500
milliseconds, succeeded by a 2000 milliseconds interval.
The accuracy and reaction time were recorded for this task.
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2.4.2 The Iowa Gambling Task
The Iowa Gambling task stimuli comprised four card

decks (A, B, C, and D) displayed against a white back-
ground. To minimize distractions and prevent strategy
based on card appearance, the backs of the decks were stan-
dardized with a blue cover [79,80]. Decks A and B were
considered disadvantageous, as they yielded larger immedi-
ate gains of ¥100 yet leading to net losses over time. Deck
A featured frequent but smaller losses compared to deck
B. Specifically, every 10 cards from deck A resulted in
five random penalties ranging from ¥150 to 350 (total loss,
¥1250), while every 10 cards from deck B led to a single
large penalty of ¥1250. Ultimately, both decks A and B re-
sulted in a net loss of ¥250 per 10 cards. Conversely, decks
C and Dwere deemed advantageous, offering smaller, more
consistent gains over time. Deck C included more frequent
but smaller losses compared to deck D. Every card selected
from decks C andD earned a gain of ¥50 , but every 10 cards
in deck C came with five random penalties ranging from
¥25 to 75 (total loss, ¥250). Deck D incurred one penalty
of ¥250 per 10 cards, leading to a net gain of ¥250.

The task structure included five blocks of 20 cards
each, totaling 100 cards. The sequence of card presentation
was randomized. Participants were provided with a virtual
balance of ¥2000 and instructed to maximize earnings by
selecting one card at a time from any deck. Selections were
made using a mouse click within a four-second time win-
dow per card. If no selection was made within 3.5 seconds,
the computer would randomly choose a card. The total bal-
ance and real-time feedback on money won or lost per card
(e.g., won 50 and lost none, or won 100 and lost 1250) were
displayed at the top of the screen. The task automatically
concluded after the hundredth card was selected, not known
in advance by the participants. The primary variable of in-
terest was the net score calculated from deck A subtracted
from deck D over the last 60 trials (i.e., blocks 3, 4, and 5)
for each tDCS session [81]. The currency ¥ refers to Chi-
nese Yuan (CNY). For reference, an approximate exchange
rate of ¥7 = $1 USD was used.

2.4.3 The 2-back Task
Participants were positioned at a comfortable eye-to-

monitor distance from a computer screen displaying black
letters (A–J) against a white background in a pseudo-
random sequence. The stimuli, measuring 1 cm in size,
appeared centrally on the screen. Participants were tasked
with rapidly and precisely identifying whether the same let-
ter had appeared two items before. Participants indicated a
match by pressing the “V” key and a non-match by press-
ing the “N” key. Each stimulus was displayed for 500
milliseconds, succeeded by a 1500 milliseconds interval.
In this study, the 2-back task included a 24-trial practice
block and two experimental blocks, each consisting of 70
trials. The trials were presented in a random sequence with
a ratio of 1:2 for matches to mismatches. The behavioral

measures for this task included hits (correctly recognized
matches), misses (incorrectly recognized matches), reac-
tion times, and index d’.

2.5 tDCS Procedures

tDCS was administered using a dual channel battery-
driven stimulator device (YINGCI TECHNOLOGY, Shen-
zhen, China) and was delivered through two anodal (size:
7 × 5 cm) and two cathodal (size: 5 × 5 cm) sponge elec-
trodes humidified in 0.9% NaCl saline solution. The dual-
site anodal electrode was placed on the scalp at the C3 (Left
M1) and C4 (Right M1) or F3 (Left DLPFC) and F4 (Right
DLPFC) positions, with the dual-site cathodes placed on the
ipsilateral shoulders, respectively [62,82] (see Fig. 1B). In
accordance with the international 10–20 electroencephalo-
gram (EEG) system and previous studies, C3 and C4 were
located 5 cm left and right from the vertex, and F3 and F4
were positioned 5 cm anterior to C3 and C4, respectively
[83,84]. The stimulation intensity was administered at 2.0
mA for each electrode pair and continued for 10 minutes,
including a 30-second ramp-up at the start and a 30-second
ramp-down at the end of the session. In the sham condi-
tion, stimulation lasted only 30 seconds, including a 15-
second ramp-up and ramp-down at the start and at the end of
the session. For the sham stimulation, the montages were
consistent with the real stimulation, with the sequence of
the DLPFC and M1 montages counterbalanced. Following
each experimental session, participants completed a ques-
tionnaire about sensations associated with transcranial elec-
trical stimulation to assess their perceptions during both real
and sham tDCS [85,86].

2.6 Experimental Procedure

All participants were required to visit the laboratory
three times, with each visit spaced at least one week apart.
Prior to the experiment, participants were briefed about the
experimental procedures and safety precautions, were fa-
miliarized with the testing protocols, and provided written
informed consent. In addition, they were advised to avoid
strenuous physical activity and alcohol consumption for at
least 24 hours and caffeine intake for at 12 hours prior to
each test session. Testing times, environmental conditions,
and equipment settings were standardized across all ses-
sions.

Each of the three visits involved sports fatigue induc-
tion through maximal incremental exercise, followed by
one of three tDCS interventions: dual-site anodal tDCS
over the M1, dual-site anodal tDCS over the DLPFC, and
sham tDCS. The tDCS sessions were conducted at the
same time each day, and their sequence was counterbal-
anced among participants. HR and RPE were continuously
monitored during the experiments. BLa levels were mea-
sured immediately after the sports fatigue protocol. Sub-
sequently, participants performed the Stroop Color-Word
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Fig. 1. Design of experiments. (A) Diagram of the research design. (B) The tDCS montages used for brain stimulation. M1, primary
motor cortex; DLPFC, dorsolateral prefrontal cortex; HR, heart rate; RPE, rating of perceived exertion; tDCS, transcranial direct current
stimulation.

task, the Iowa Gambling task, and the 2-back task in a coun-
terbalanced order. A schematic of the study design is de-
picted in Fig. 1A.

2.7 Data Analysis

For physiological and perceptual measures, one-way
repeatedmeasures analyses of variance (ANOVAs) with the
within-subjects factor session (dual-site anodal tDCS tar-
geting the M1, dual-site anodal tDCS targeting the DLPFC,
sham tDCS) were conducted for the dependent variables
(HR, RPE, and BLa of exhaustion as well as TTE and PPO
during the maximal incremental exercise). Two-way re-
peated measures ANOVAs with the within-subjects factor
session (dual-site anodal tDCS over the M1, dual-site an-
odal tDCS over the DLPFC, sham tDCS) and time (rest,
exhaustion, before tDCS, after tDCS, after cognitive task
performance) were conducted for the dependent variables
(HR and RPE).

For the Stroop Color-Word task, the mean reaction
time for correct responses was analyzed for each condition
within each tDCS session. Reaction times under 100 ms or
those deviating over three standard deviations from the indi-
vidual’s mean reaction time were excluded. The percentage

of excluded data was <4% for all data, distributed evenly
across sessions and conditions. Accuracy was determined
to evaluate the count of correct responses under each con-
dition in each tDCS session. Two-way repeated measures
ANOVAs with the within-subjects factor session (dual-site
anodal tDCS over the M1, dual-site anodal tDCS over the
DLPFC, sham tDCS) and condition (congruent, neutral, and
incongruent) were conducted for the dependent variables
(reaction times and accuracy).

For the Iowa Gambling task, a two-way repeated
measures ANOVA with the within-subjects factors session
(dual-site anodal tDCS over the M1, dual-site anodal tDCS
over the DLPFC, sham tDCS) and block (block 3, block
4, block 5) was conducted for the dependent variable net
score.

For the 2-back task, the mean reaction time for correct
responses was analyzed for each session. Reaction times
under 100 ms or those deviating more than three standard
deviations from the individual mean value were discarded.
The percentage of excluded data was <3% of the total col-
lected data and was evenly distributed between sessions.
Hits were calculated as the number of correctly recognized
target items for each session. Misses were calculated as
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the number of incorrectly recognized target items for each
session. False alarms were calculated as the number of in-
correctly identified mismatches. The index d’ quantified
the ability to differentiate targets from non-targets and was
calculated using the formula: Z (hit rate) – Z (false alarm
rate), where Z denotes the z-scores of both rates [87]. One-
way repeated measures ANOVAs with the within-subjects
factor session (dual-site anodal tDCS over theM1, dual-site
anodal tDCS over the DLPFC, sham tDCS) were conducted
for the dependent variables (reaction times, hits, misses,
and d’).

Data normality was evaluated using the Shapiro–Wilk
test. For the ANOVAs, sphericity was evaluated using the
Mauchly test. If the sphericity assumption was violated, the
degrees of freedom were adjusted using the Greenhouse–
Geisser method. Significant effects and interactions were
further explored using Fisher’s LSD posthoc test. The ef-
fect sizes were calculated using partial Eta Squared (η2p) for
ANOVAs. Cohen’s d was used to determine effect sizes for
pairwise comparisons. Data were reported as the mean ±
standard error (SEM), with statistical significance set at p
< 0.05. All statistical analyses were performed using SPSS
version 26 (IBM, Armonk, NY, USA) and all graphs gener-
ated using GraphPad Prism (version 8.0.2, GraphPad Soft-
ware, Boston, MA, USA), respectively.

3. Results
3.1 Physiological and Perceptual Measures

No adverse effects were reported either during or af-
ter tDCS sessions, aside from sensations of tingling and/or
itching beneath the electrodes.

HR, RPE, and BLa at exhaustion, and TTE and PPO
during the maximal incremental exercise protocol, showed
no significant differences between dual-site anodal tDCS
over M1, DLPFC, and sham tDCS (all p values > 0.05)
(Table 1). These results indicate that sports fatigue was suc-
cessfully induced in this study and did not differ between
conditions.

No significant differences were found in HR and
RPE between the dual-site anodal tDCS over the M1, the
DLPFC, and sham tDCS during the experimental proce-
dures (all values of p > 0.05) (Fig. 2).

3.2 Stroop Color-Word Task

For accuracy, the repeatedmeasures ANOVA revealed
a significant main effect of condition (F1.408, 30.982 = 14.782,
p< 0.001, η2p = 0.402) and a significant interaction between
session and condition (F4, 88 = 3.201, p = 0.017, η2p = 0.127),
but the main effect of session was not significant (F2, 44 =
1.216, p = 0.306, η2p = 0.052). The posthoc analysis showed
a significant increase in accuracy following dual-site anodal
tDCS over theM1 compared to sham tDCS in the incongru-
ent condition (p = 0.036, Cohen’s d = 0.47) (see Fig. 3).

For reaction time, the repeated measures ANOVA
revealed a significant main effect of condition (F2, 44 =
54.370, p < 0.001, η2p = 0.712), but no significant main ef-
fect of session (F2, 44 = 0.205, p = 0.816, η2p = 0.009) and no
significant interaction between session and condition (F4,88
= 0.663, p = 0.619, η2p = 0.029) (see Fig. 4).

3.3 Iowa Gambling Task

The repeated measures ANOVA revealed a marginally
significant main effect of session for net score (F2, 44 =
3.207, p = 0.05, η2p = 0.127), but no significant main ef-
fect of condition (F2, 44 = 2.126, p = 0.131, η2p = 0.088) or
interaction between session and condition (F4, 88 = 1.015, p
= 0.404, η2p = 0.044). The posthoc analysis showed that the
net score significantly decreased following dual-site anodal
tDCS over the DLPFC compared to sham tDCS in block 4
(p = 0.019, Cohen’s d = 0.53) and block 5 (p = 0.014, Co-
hen’s d = 0.56) (see Fig. 5).

3.4 2-back Task

The repeated measures ANOVA revealed no signifi-
cant main effect of sessions for reaction time (F2, 44 = 0.247,
p = 0.782, η2p = 0.011), hits (F2, 44 = 0.967, p = 0.388, η2p
= 0.042), misses (F2, 44 = 1.207, p = 0.309, η2p = 0.052), or
index d’ (F2, 44 = 0.832, p = 0.442, η2p = 0.036) (see Fig. 6).

4. Discussion
The present study aimed to assess the effect of dual-

site tDCS applied to the M1 or DLPFC on attention,
decision-making, and working memory in elite soccer play-
ers during sports fatigue. Dual-site tDCS applied to the
M1 enhanced attention performance as demonstrated by im-

Table 1. HR, RPE, and BLa at exhaustion, and TTE and PPO during the maximal incremental exercise protocol.
Bilateral M1 Bilateral DLPFC Sham tDCS F value p value

HR (bpm) 167.3 ± 2.1 168.7 ± 2.8 169.2 ± 2.8 0.688 0.508
RPE (rate) 18.7 ± 0.3 18.7 ± 0.3 18.7 ± 0.3 0.078 0.881
BLa (mmol/L) 10.5 ± 0.8 9.7 ± 0.5 10.3 ± 0.8 0.358 0.701
TTE (min) 10.5 ± 0.3 10.6 ± 0.3 10.6 ± 0.3 0.317 0.730
PPO (W) 234.8 ± 8.3 239.1 ± 9.0 240.2 ± 8.0 1.000 0.376
M1, primary motor cortex; DLPFC, dorsolateral prefrontal cortex; HR, heart rate; RPE, rat-
ing of perceived exertion; BLa, blood lactate; tDCS, transcranial direct current stimulation;
TTE, time to exhaustion; PPO, peak power output.
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Fig. 2. The results of the psycho-physiological measures. HR (A) and RPE (B) during the experimental procedures (Time1: rest;
Time2: exhaustion; Time3: before tDCS; Time4: after tDCS, before cognitive performance; Time5: cognitive tasks). M1, primary
motor cortex; DLPFC, dorsolateral prefrontal cortex; HR, heart rate; RPE, rating of perceived exertion; tDCS, transcranial direct current
stimulation. Error bars represent standard error (SEM).

Fig. 3. Outcomes from various intervention sessions on Stroop
task accuracy. M1, primary motor cortex; DLPFC, dorsolateral
prefrontal cortex; tDCS, transcranial direct current stimulation. *
Statistically significant at p < 0.05. Error bars indicate the stan-
dard error of the mean (SEM).

Fig. 4. Outcomes from various intervention sessions on reac-
tion time in the Stroop task. M1, primary motor cortex; DLPFC,
dorsolateral prefrontal cortex; tDCS, transcranial direct current
stimulation. Error bars indicate the standard error of the mean
(SEM).

proved Stroop Color-Word task performance during sports
fatigue, whereas tDCS applied to the DLPFC did not.

Fig. 5. Outcomes from various intervention sessions on the net
score in the IGT.M1, primarymotor cortex; DLPFC, dorsolateral
prefrontal cortex; tDCS, transcranial direct current stimulation. *
Statistically significant at p < 0.05. Error bars indicate the stan-
dard error of the mean (SEM).

For decision-making, contrary to our hypotheses, dual-site
tDCS applied to the DLPFC increased risk propensity in
decision-making, as revealed by performance on the Iowa
Gambling task during sports fatigue. However, dual-site
tDCS applied to the M1 did not modulate the risk-taking in
this decision-making task during sports fatigue. Dual-site
tDCS targeting either theM1 or the DLPFC did not improve
working memory performance.

The present study found that the dual-site tDCS over
the M1 significantly enhanced attention performance, as
shown by improved accuracy in the incongruent condition
of the Stroop Color-Word task. This finding is consistent
with previous research, where 2mA dual-site tDCS over
the M1 for 13 minutes improved attention performance in
experienced boxers [88]. M1 is the terminal pathway for
voluntary movements, integrates inputs from cortical motor
areas, sensory areas (e.g., PFC, basal ganglia, supplemen-
tary motor areas), and the midbrain, and projects to lower
motor neurons in the spinal cord, connecting with vari-
ous brain regions through afferent and efferent pathways
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Fig. 6. Outcomes from various intervention sessions for reaction time (A), hits (B), misses (C), and index d’ (D) in the 2-back task.
M1, primary motor cortex; DLPFC, dorsolateral prefrontal cortex; tDCS, transcranial direct current stimulation. Error bars indicate the
standard error of the mean (SEM).

[55]. During maximal physical exercise, fatigue-induced
declines of force and electromyographic signals are corre-
lated with reduced power in electroencephalographic fre-
quencies related to motor cortical signals [89,90], and func-
tional magnetic resonance data show decreased interhemi-
spheric functional connectivity between the contralateral
and ipsilateral M1 [91]. A previous study demonstrated
that dual-site tDCS over the M1 increased corticospinal ex-
citability and improved cycling time to task failure in recre-
ationally active participants [62]. This might increase the
excitability of the M1 and enhance interhemispheric con-
nectivity between the contralateral and ipsilateral, which
may have improved attention performance following sports
fatigue in the current study. Huang et al. [92] found that
tDCS over M1 not only increased repeated sprint cycling
power output but also improved accuracy in the Stroop
Color-Word task. The widespread changes in functional
connectivity through dual-site tDCS over the M1, partic-
ularly in the primary and secondary motor cortices (includ-

ing the dorsal premotor cortex and left supplementary mo-
tor area/pre-supplementarymotor area) and in the PFC,may
also contribute significantly to the enhancement of attention
performance [93]. M1 is anatomically adjacent to the sup-
plementary motor area (SMA), and its activation may influ-
ence activity within the SMA [92], and the SMA may col-
laborate with the dorsal anterior cingulate cortex to manage
cognitive disruptions arising from conflicting conditions in
the Stroop task [94,95], potentially enhancing attention per-
formance.

However, in contrast with some previous studies, the
effects on attention of tDCS applied to the DLPFC were
not replicated in the present study, consistent with find-
ings from our previous study and other research [96–98].
Contrary to our findings, other research employing single-
site tDCS targeting the DLPFC has demonstrated improve-
ments in attention performance [60,99]. These studies used
a cephalic tDCS montage, positioning the return electrodes
over the contralateral supraorbital area, which potentially
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engaged additional brain regions like the anterior cingulate
cortex [60,99]. The anterior cingulate cortex may be essen-
tial for enhancing attention performance more effectively
than bilateral DLPFC activation. Improvements induced
by the cephalic stimulationmontagemay result from the ad-
justment of the return electrode or the interplay between the
target and reference areas [100]. The tasks used to assess
attention could also have contributed to the heterogeneous
results. One study observed that 1.5 mA single-site tDCS
over the left DLPFC lasting 10 minutes enhanced attention
performance [101] but used a different task to assess atten-
tion, in which targets were identified by numbers instead
of colors, and distractors were letters, placing different de-
mands on the DLPFC [101]. Additionally, a systematic re-
view indicated that tDCS over the PFC influences multiple
cognitive functions, complicating the precise assessment
of its impact on specific cognitive functions [102]. While
dual-site tDCS over the DLPFCmaymodulate various cog-
nitive functions, including attention, the cognitive decline
induced by maximal incremental exercise might lead to in-
significant modulation of attention performance by tDCS.
Supporting this, research has shown that tDCS over the
DLPFC improves attention in a state-dependent manner,
implying that the effects of tDCS depend on the baseline
electrophysiological state prior to intervention [99]. Sports
fatigue induced by maximal incremental exercise may de-
activate the DLPFC, contributing to the null effect observed
in our study. Nonetheless, these suggested mechanisms are
speculative and require further exploration.

This study found that dual-site tDCS applied to the
DLPFC increased the appetite for risk in decision-making
during sports fatigue, while dual-site tDCS over M1 did
not appear to alter decision-making performance. This
was contrary to previous research results, in which tDCS
over the DLPFC typically reduced risk appetite, leading
participants to adopt more conservative strategies to avoid
the risk of missing rewards [42,103–106]. Differences in
stimulation montages might account for discrepancies be-
tween the current findings and those of previous studies.
Research has shown that single-site anodal tDCS target-
ing the right DLPFC led to more conservative decision-
making [41,107]. The predominance of the right hemi-
sphere may be needed for a conservative, risk-averse ap-
proach in decision-making processes [108]. A study uti-
lizing low-frequency, repetitive transcranial magnetic stim-
ulation to disrupt DLPFC activity in healthy adults found
that suppressing activity in the right DLPFC significantly
increased riskier decision-making behavior [109]. This ef-
fect was not observed with similar suppression in the left
DLPFC, highlighting the role of the right DLPFC in in-
hibiting appealing but risky options [109]. This finding
underscores the asymmetric role of the PFC in decision-
making [109]. The left DLPFC also plays a pivotal role in
decision-making. Research indicates that single-site catho-
dal tDCS targeting the left DLPFC leads to a conservative,

risk-averse strategy, whereas single-site anodal tDCS on the
same region increases its activation and leads to a riskier
decision-making strategy [108,110,111]. Activating the left
DLPFC may have interfered with the participants’ capacity
to modify their actions in response to negative feedback or
errors, leading to a tolerance for losses, particularly sequen-
tial ones [108]. The tDCS montage used in this study may
have enhanced activation in the left DLPFC, thus disrupting
right-hemisphere dominance. This interference potentially
led to a propensity for riskier decision-making strategies.

Additionally, studies employing dual-site tDCS, with
montages involving anodal tDCS targeting one DLPFC and
cathodal targeting the opposite DLPFC, found that tDCS
resulted in a conservative strategy, conflicting with the cur-
rent study’s findings [42,103–106,112]. These results seem
to suggest that tDCS targeting the bilateral DLPFC (an-
odal on one side and cathodal on the opposite) can mod-
ulate decision-making, but only when montages effectively
inhibit the neural activity of the contralateral DLPFC and
enhance unilateral DLPFC neural activity, thereby reduc-
ing risk-taking behaviors [105]. The interhemispheric bal-
ance of DLPFC activity has been identified as crucial for
decision-making behaviors [105]. Maintaining an equilib-
rium between the right and left DLPFC is essential to facil-
itate a conservative, risk-averse approach during decision-
making tasks [108]. In the current study, sports fatigue
induced by maximal incremental exercise potentially de-
creased DLPFC oxygenation. Although dual-site anodal
tDCS targeting the DLPFC increased bilateral DLPFC ex-
citability, it might lead to the overactivation of neuronal
activity in the bilateral DLPFC and disrupt the balance
needed for conservative decision-making, leading partic-
ipants to engage in riskier strategies. Neuroimaging re-
search has identified critical roles for the DLPFC and the
orbitofrontal cortex, but not the M1, in human decision-
making [113–117]. Therefore, it is not surprising that dual-
site tDCS over the M1 did not enhance decision-making
performance during sports fatigue in the current study. Al-
though the M1 is primarily regarded as the central hub for
motor-related decision-making [118], the task in this study
involved cognitively-driven risky decision-making rather
than motor-related decision-making. This distinction may
also explain why dual-site tDCS targeting the M1 failed to
enhance decision-making performance following sports fa-
tigue in this study.

Contrary to our expectations, the current study found
no enhancements in working memory performance after
applying dual-site tDCS over either the DLPFC or M1.
This finding diverges from previous research, which has re-
ported that one session of tDCS over the prefrontal area im-
proves working memory [119–121]. The absence of effects
in our studymight be attributed to the task’s difficulty [122].
There might be a ceiling effect in the 2-back task among
elite soccer players, potentially restricting tDCS’ potential
to enhance working memory performance [123,124]. In

9

https://www.imrpress.com


addition, significant inter-individual variability in working
memory performance was reported, with baseline work-
ing memory capacity significantly influencing tDCS effects
[125–128]. Specifically, studies focusing on using tDCS
to modulate visual short-term memory have found that in-
dividuals with lower baseline short-term memory capac-
ity experience more substantial improvements [127,128].
Given that our study involved elite soccer athletes, who
likely possess superior working memory performance, this
could explain the lack of significant results. Furthermore,
some meta-analyses have reported that the effect sizes for
tDCS on working memory are minimal [44,129,130]. Teo
et al. [131] demonstrated that online stimulation of tDCS
targeting the DLPFC during working memory task perfor-
mance improved reaction times in the 3-back task compared
to sham-tDCS. Conversely, our study employed the 2-back
task and offline stimulation that was administered prior to
task execution. The effectiveness of anodal online tDCS
relies on changes in membrane potential that enhance neu-
ronal excitability and modify the processing of incoming
signals [132]. In contrast, the sustained impact of offline
tDCS is associated with changes in synaptic efficacy, af-
fecting both gamma-aminobutyric acid (GABA)-mediated
and glutamatergic activities [132]. In addition, Yeh et al.
[133] found that online tDCS targeting the PFC during a
working memory task might improve the neuromodulation
of the target area because of potential resonance effects
compared to offline tDCS. Compared to offline tDCS, on-
line tDCS might elicit a synergistic effect between endoge-
nous neural activity and the induced electric fields, thus im-
proving the stimulation effects [133]. The absence of no-
table outcomes in the current study could be explained by
a 10-minute session of 2 mA offline tDCS not performing
as well as online tDCS in enhancing working memory dur-
ing sports exhaustion. Another study emphasized the im-
portance of the interplay between task-related activity and
modulation induced by tDCS, suggesting that the different
task demands might influence its effectiveness [134]. The
2-back task used in the present study needed fewer cogni-
tive resources than the 3-back task and only involved the
updating ability, a subset of working memory. The tim-
ing of stimulation and the task demands should be consid-
ered in further studies. In addition, high-definition tDCS,
a novel tDCS technique that uses smaller high-definition
electrodes, has been found to provide more focal, pre-
cise, and long-lasting stimulation [135]. A recent study
found that, compared to conventional and sham tDCS, high-
definition tDCS over the M1 was associated with greater
between-day motor skill retention in healthy young adults
[136]. The study also found that only high-definition tDCS
modulated intracortical circuits bidirectionally, influencing
specific neuronal pathways to the M1 [136]. The question
of whether this novel tDCS technique over DLPFC and M1
can improve cognitive control during sports fatigue in soc-
cer players warrants further exploration in future research.

The present study has several limitations. First, the fa-
tigue induction and cognitive assessments were conducted
within a laboratory setting, potentially limiting ecological
validity when compared to actual competitive scenarios.
Additionally, cognitive assessments were not sport-specific
in nature. Despite this limitation, the current findings have
inspiring implications for real-world soccer matches. The
improvements of cognitive control by tDCS could be bene-
ficial during halftime and when key players are substituted.
Halftime is a critical period for recovery of cognitive de-
cline from sports fatigue and reactivation. Applying tDCS
during this period may improve the cognitive control which
has deteriorated from the first half. Similarly, for player
substitutions, applying tDCS can revitalize their declined
cognitive control in sports fatigue, thus enabling them to
make optimal decision-making and attention focus. Af-
ter training, applying tDCS may accelerate the recovery of
cognitive decline induced by sports fatigue. The improve-
ment of attention performance induced by tDCS can help
players remain highly focused throughout the match, poten-
tially leading to improved positional awareness and faster
reactions to dynamic match situations. This study found
that risk propensity was increased after tDCS. This may not
necessarily be detrimental and may translate into players
taking more chances in the game, such as attempting more
shots or choosing aggressive, high-reward tactics and tac-
tical creativity. This translation is especially useful when
training and if the team needs to adopt a more offensive
strategy to change the course of the match. Future stud-
ies should employ sport-specific tasks to induce fatigue and
evaluate cognitive function to ascertain their relationship to
real-world matches or training environments. Second, this
study focused on the immediate effects of a single session
of tDCS on cognitive functions during sports fatigue but did
not address potential long-term effects. Future longitudinal
studies should investigate the sustained effects of a single
tDCS session and the effects of multiple tDCS sessions on
cognitive functions during extended periods of sports fa-
tigue. The effects of some novel tDCS protocols (e.g., the
accelerating tDCS protocol) and timing of tDCS interven-
tion (e.g., online tDCS) on cognitive function also need to
be explored [137,138]. Third, the lack of significant find-
ings with respect to cognitive functions might suggest the
influence of unexamined variables (e.g., neural and physio-
logical markers). Therefore, employing neurophysiological
instruments like (e.g., electroencephalography) is crucial to
further investigate the potential effects of tDCS on fatigue
and underlying neurological mechanisms.

5. Conclusions
This study offers preliminary evidence that dual-site

anodal tDCS targeting the M1 improves attention per-
formance and stimulation over the DLPFC increases risk
propensity in decision-making during sports-related fa-
tigue. However, dual-site anodal tDCS targeting either the
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M1 or the DLPFC did not significantly impact working
memory during sports-related fatigue in elite soccer ath-
letes. These findings are encouraging for the continued ad-
cancement of tDCS interventions aiming at enhancing at-
tention performance in elite soccer athletes during sports
fatigue. This preliminary evidence also supports the ex-
ploration of non-invasive brain stimulation techniques in
sports settings to optimize cognitive function in athletes
with sports-related fatigue. Further studies are required to
fully harness the capabilities of tDCS in sports-related ap-
plications.
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