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and long-term efficacy within sports neuroscience.
Methods: A randomized, double-blind, sham-controlled crossover design was employed

form 02 May 2025 with 60 national-level athletes (30 male, 30 female) stratified by sport type (endurance/skill-

ACC(_Bpted 12 Jun 2025 based). Participants underwent 10 sessions of either: (1) active NF (SMR upregulation via

AV&J"TbISOZ'}’“ne 25 64-channel EEG) + active tDCS (2mA over left DLPFC), (2) active NF + sham tDCS, (3)
uly

sham NF + active tDCS, or (4) sham NF + sham tDCS. Primary outcomes included sport-
specific performance metrics (reaction time, time-to-exhaustion) and psychological
resilience (CD-RISC-25), with secondary EEG measures (beta power, P300) assessed at

Keywords: baseline, post-intervention, and 8-week follow-up. Results: The combined NF+tDCS group
NeUfO_enhancemenL demonstrated superior improvements versus sham controls: 15.2% faster reaction time (p <
Athletic Pe_rformance, 0.001, d = 1.21), 12.4% increased endurance (p = 0.002), and 22.3-point higher resilience
Transcranial Direct Current 0.001). EEG led ined b levati he left DLPEC (42,1
Stimulation (Tdcs), scores (p < 0.001). revealed sustained beta power elevation over the le (+2.

Psychological Resilience, dB at follow-up, p = 0.01), mediating 41% of resilience gains through reduced amygdala
Elite Athletes. reactivity (HRV analysis, B = 0.64, p = 0.003). Skill-based athletes showed greater cognitive

benefits, while endurance athletes exhibited stronger psychological gains, with sex-specific
effects noted (females: better tDCS response; males: superior NF anxiety reduction).
Conclusion: Combined NF and tDCS induces durable, sport-specific enhancements in both
performance and resilience, likely through prefrontal-amygdala circuit plasticity. These
findings advocate for personalized neuromodulation protocols in elite sports while
highlighting the need for ethical frameworks governing neuroenhancement technologies.
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Introduction

I he relentless pursuit of athletic

excellence has driven sports science beyond
conventional physical training paradigms
into the realm of cognitive neuroscience,
where neurofeedback (NF) and non-invasive
brain stimulation (NIBS) techniques such as
transcranial direct current stimulation (tDCS)
and  repetitive  transcranial  magnetic
stimulation (rTMS) are revolutionizing
performance  optimization [1]. While
traditional training methodologies have
predominantly  targeted muscular and
cardiovascular adaptations, contemporary
research underscores the brain's pivotal role
in regulating motor precision, decision-
making speed, and emotional control under
competitive pressure [2]. Despite this
paradigm  shift, the application of
neuromodulatory interventions in sports
remains fragmented, with inconsistent
findings regarding their efficacy, optimal
protocols, and long-term neuroplastic effects
[3]. This review synthesizes emerging
evidence, addresses critical methodological
disparities, and identifies  uncharted
territories in  the  neuropsychological
enhancement of elite athletes, ultimately
advocating for a more  rigorous,
individualized approach to neuromodulation
in sports science.

Recent advances in neuroimaging have
elucidated distinct neural signatures in elite
athletes, particularly within the prefrontal
cortex (PFC) and primary motor cortex,
which correlate with superior attentional
focus and movement efficiency [4]. These
findings have  spurred interest in
neurofeedback as a tool for enhancing self-
regulation of brainwave activity, with studies
demonstrating that real-time modulation of
alpha and theta oscillations can improve
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marksmanship accuracy in shooters and
reaction times in tennis players [5,6].
However, the translation of these findings
across different sports disciplines remains
inconsistent, with  team-sport  athletes
showing less pronounced benefits compared
to their individual-sport counterparts,
suggesting sport-specific neural demands that
current NF protocols fail to adequately
address [7]. Moreover, the lack of
standardized training durations and feedback
modalities—ranging from  sensorimotor
rhythm (SMR) reinforcement to slow cortical
potential (SCP) training—has resulted in
heterogeneous outcomes, complicating the
establishment of evidence-based guidelines
[8]. This variability underscores a critical gap
in the literature: the absence of a unified
framework that accounts for individual
differences in baseline neurophysiology and
sport-specific cognitive loads.

Parallel to neurofeedback, non-invasive
brain stimulation techniques have garnered
attention for their ability to directly modulate
cortical excitability, offering a
complementary approach to cognitive
enhancement. Transcranial direct current
stimulation (tDCS), with its capacity to
enhance or inhibit neural firing through weak
electrical currents, has shown promise in
improving working memory and reducing
mental fatigue in endurance athletes [9].
Anodal stimulation over the dorsolateral
prefrontal cortex (DLPFC), for instance, has
been linked to decreased competitive anxiety,
a pervasive challenge in high-stakes
environments [10]. Conversely, repetitive
transcranial magnetic stimulation (rTMS) has
demonstrated potential in accelerating motor
recovery post-injury, a finding with profound
implications for athlete rehabilitation [11].
Yet, the literature is rife with contradictions;
while some studies report significant
enhancements in cycling time-to-exhaustion



following tDCS [12], others find negligible
effects on  anaerobic  performance,
highlighting the influence of stimulation
parameters  (e.g., intensity, duration,
electrode  placement) and individual
variability [13]. These discrepancies point to
a pressing need for large-scale, randomized
controlled trials (RCTs) that systematically
evaluate protocol optimization and long-term
neuroadaptive responses.

Beyond physical and cognitive metrics,
the psychological resilience of athletes—
defined as the capacity to maintain optimal
performance under stress—has emerged as a
critical yet underexplored dimension of

sports neuroscience. Elite competitors
routinely face immense psychological
pressures, from the acute stress of

competition to the chronic strain of career
sustainability, which can precipitate burnout,
performance anxiety, and post-career mental
health struggles [14]. Preliminary evidence
suggests that neuromodulation may fortify
emotional regulation pathways; for example,
right-hemisphere tDCS has been shown to
attenuate amygdala hyperactivity, thereby

reducing  pre-competition  anxiety in
gymnasts [15]. Similarly, neurofeedback
protocols  emphasizing frontal alpha

asymmetry have correlated with heightened
mental toughness in soccer players [16].
However, the majority of these interventions
adopt a reactive rather than preventive
approach, neglecting the potential of NIBS as
a prophylactic tool against stress-related
performance decrements [17]. Furthermore,
the ethical implications of neuromodulation
in sports—such as the risk of technological
dependence or the creation of uneven
competitive playing fields—remain
inadequately addressed, signaling a crucial
avenue for future inquiry [18].

The current state of research is further
hampered by three overarching limitations:
the heterogeneity of intervention protocols,
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insufficient consideration of individual
differences (e.g., sex, genetic predispositions,
baseline cognitive profiles), and a dearth of
longitudinal studies assessing the durability
of neuromodulatory effects [19]. For
instance, while a recent RCT reported
sustained improvements in basketball free-
throw accuracy following a 3-week tDCS
regimen [20], a replication study failed to
observe comparable gains, possibly due to
divergent task contexts or participant
selection criteria [21]. Such inconsistencies
underscore the necessity for standardized,
multi-center collaborations that employ
rigorous blinding procedures and athlete-
specific dosing strategies. Additionally, the
integration of neuroimaging techniques (e.g.,
functional near-infrared  spectroscopy
[fNIRS]) to monitor real-time hemodynamic
responses during stimulation could provide
mechanistic  insights  into  individual
variability, bridging the gap between
empirical research and practical application
[22].

In conclusion, neurofeedback and non-
invasive brain stimulation represent a
transformative frontier in sports psychology,
offering unprecedented opportunities to
enhance precision, accelerate recovery, and
fortify mental resilience. However, the field
must transcend its current reliance on proof-
of-concept studies and embrace a more
holistic, ethically grounded framework.
Future research should prioritize the
development of personalized protocols
informed by baseline neural profiling, the

integration of NIBS with traditional
cognitive-behavioral interventions, and
longitudinal assessments of both

performance outcomes and psychological
well-being. By addressing these imperatives,
sports neuroscientists can unlock the full
potential of neuromodulation, ushering in an
era where the boundaries of human
performance are redefined through the



synergy of mind and machine.

This study aims to critically evaluate the
efficacy of neurofeedback (NF) and non-
invasive brain stimulation (tDCS/rTMS) in
enhancing  athletic  performance and
psychological resilience among elite athletes,
while addressing the persistent
methodological inconsistencies and
fragmented findings in current literature.
Despite  growing evidence supporting
neuromodulation as a  performance-
enhancing tool, the field lacks standardized
protocols, longitudinal data on sustained
effects, and sport-specific adaptations,
leading to contradictory outcomes across
studies [3,7,13]. Furthermore, the
underexplored potential of these
interventions  in  building  proactive
psychological resilience—rather than merely
mitigating stress reactively—represents a
critical gap in sports neuroscience [17,19].
By synthesizing emerging evidence and
identifying optimal, individualized
application frameworks, this research seeks
to bridge these knowledge gaps, offering
empirically grounded guidelines that could
redefine training paradigms in elite sports.
The urgency of this investigation is
underscored by the rising ethical and
practical demands for safe, equitable, and
evidence-based neuroenhancement strategies
in competitive athletics [1,18].

Materials and methods
Research design

This study employed a randomized,
double-blind, sham-controlled crossover
design to investigate the effects of
neurofeedback (NF) and transcranial direct
current stimulation (tDCS) on athletic
performance and psychological resilience in
elite athletes. The design was selected to
minimize placebo effects and allow within-
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subject comparisons, with a two-week
washout period between interventions to
prevent carryover effects [1]. Participants
were randomly assigned to one of four
experimental conditions: (1) active NF +
active tDCS, (2) active NF + sham tDCS, (3)
sham NF + active tDCS, or (4) sham NF +
sham tDCS, ensuring balanced group
allocation via block randomization stratified
by sport type (endurance vs. skill-based) [2].
The study protocol was approved by the
Institutional Review Board (IRB-2023-456)
and adhered to CONSORT guidelines for
non-pharmacological trials [3].

Participants

A total of 60 elite athletes (30 male, 30
female; mean age = 24.3 + 3.1 years) were
recruited from national-level competitions in
endurance (marathon runners, cyclists) and
skill-based (tennis players, marksmen)
sports. Inclusion criteria required a minimum
of 5 years of competitive experience, no
history of neurological disorders, and no
recent use of psychotropic medications [4].
Participants were screened for
contraindications to tDCS (e.g., metal
implants, epilepsy) using a standardized
medical questionnaire adapted from Brunoni
et al (2023) [5]. Written informed consent
was obtained, and athletes were compensated
for their time in accordance with World
Medical Association Declaration of Helsinki
guidelines [6].

Tools and Instruments

Neurofeedback System: A 64-channel
EEG system (BrainVision ActiChamp, Brain
Products GmbH) recorded real-time brain
activity at 1000 Hz, with electrodes placed
according to the 10-20 international system
[7]. The NF protocol targeted sensorimotor
rhythm (SMR, 12-15 Hz) and theta/beta ratio
(TBR) modulation over Cz and Fz, using
BCI2000 software with visual feedback
calibrated to individual baseline amplitudes

[8].



tDCS Apparatus: A DC-stimulator PLUS
(NeuroConn GmbH) delivered 2 mA anodal
stimulation over the left dorsolateral
prefrontal cortex (DLPFC, F3 anode, F4
cathode) for 20 minutes, with sham sessions
mimicking initial tingling sensations [9].
Electrode placement was verified using the
Beam F3 Locator for MRI-free navigation
[10].

Performance Metrics: Sport-specific
tasks included:

« Endurance athletes:  Time-to-
exhaustion (TTE) on a cycling
ergometer (Lode Excalibur Sport)
with VO2 max monitoring (Cosmed
K5) [11].

o Skill-based athletes: Reaction time
(RT) and accuracy in a tennis serve
decision-making  task  (Dartfish
ProSuite) and shooting precision
(SCATT Optoelectronic  System)
[12].

Psychological Assessments: The Connor-
Davidson Resilience Scale (CD-RISC-25, a
= 0.89) and Sport Anxiety Scale-2 (SAS-2, a
= 0.91) were administered pre- and post-
intervention [13,14]. Heart rate variability
(HRV) was recorded via Polar H10 to assess
autonomic stress responses [15].

Method for Measuring Outcomes

Primary outcomes included cognitive-
motor performance (RT, accuracy, TTE)
and resilience metrics (CD-RISC-25, HRV).
Secondary outcomes
encompassed neurophysiological
changes (EEG power spectra, N200/P300
event-related  potentials)  and subjective
fatigue (Visual Analog Scale, VAS) [16].
Blinded assessors analyzed performance
tasks using standardized scoring protocols,
while EEG data underwent preprocessing in
MATLAB (2023a) with artifact removal via
independent component analysis (ICA) [17].

Experimental Protocol
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1. Baseline Testing (Day 1): Participants
completed psychological
questionnaires, resting-state EEG,
and sport-specific performance tests.

2. Intervention Phase (Days 2-15):

o NF Group: 10 sessions of
SMR  upregulation (40
min/session) with concurrent
tDCS/sham.

o Control Group: Sham NF
(randomized feedback) +
tDCS/sham.

3. Post-Intervention Testing (Day 16):
Repeated baseline measures plus
transfer tasks (unpracticed sport
scenarios).

4. Follow-Up (Week 8): Retention tests
for durability assessment [18].

Data Analysis Method

Linear mixed-effects models (LMMs)
examined intervention effects across
timepoints, with group (active/sham), sport
type, and sessionas fixed effects,
and participant as a random effect [19]. EEG
spectral power was analyzed using cluster-
based permutation tests (FieldTrip toolbox),
while  psychological scores underwent
mediation analysis via PROCESS Macro
(Model 4) [20]. Effect sizes were reported as
Cohen’s *d* with 95% Cls, and significance
was set at *p* < 0.05 (Bonferroni-corrected
for multiple comparisons) [21]. Missing data
(<5%) were handled via maximum likelihood
estimation [22].

Ethical Considerations

Approval was obtained from
the Institutional Review Board (IRB-2023-
456). Participants provided written consent
and could withdraw anytime (per APA
guidelines).



Findings

The study vyielded significant findings
regarding the effects of neurofeedback (NF)
and transcranial direct current stimulation
(tDCS) on athletic performance and
psychological resilience in elite athletes.
Analysis of cognitive-motor performance
metrics revealed that participants in the active
NF + active tDCS group demonstrated a
15.2% improvement in reaction time (RT)
compared to baseline (p < 0.001, d = 1.21),
while the sham NF + sham tDCS group
showed no significant change (p = 0.34) [1].
This  improvement was  particularly
pronounced in skill-based athletes, with
tennis players exhibiting a 19.7% reduction
in decision-making errors during simulated
match scenarios (F(3,56) = 8.91, p < 0.001)
[2]. Endurance athletes in the active
intervention groups displayed a 12.4%
increase in time-to-exhaustion (TTE) on
cycling ergometer tests, accompanied by
reduced perceived exertion scores (RPE) on
the Borg scale (6-20) (p = 0.002, n? = 0.18)

13].

Neurophysiological data from EEG
recordings indicated that successful SMR
upregulation during NF sessions correlated
strongly with enhanced P300 amplitudes
during target detection tasks (r = 0.72, p <
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0.001), suggesting improved attentional
resource allocation [4]. Cluster-based
permutation analysis identified significant
increases in beta band power (13-30 Hz) over
the left DLPFC following active tDCS (t(59)
= 4.37, p < 0.001, cluster-corrected), with
these changes persisting through the 8-week
follow-up in 68% of participants [5].
Conversely, sham groups exhibited no such
sustained neuroplastic adaptations,
confirming the specificity of the intervention
effects (p = 0.89 for between-group
differences at follow-up) [6].

Psychological resilience  outcomes
demonstrated clinically meaningful
improvements, with the active intervention
group showing a 22.3-point increase on the
CD-RISC-25 scale compared to 6.1 points in
sham controls (p < 0.001, 95% CI [14.7,
29.9]) [7]. Mediation analysis revealed that
41% of the variance in resilience scores was
explained by reduced amygdala reactivity
during stress tasks, as measured by HRV
vagal tone indices ( = 0.64, SE=0.12, p =
0.003) [8]. Notably, sport-type moderated
these effects, with endurance athletes
deriving greater psychological benefits than
their skill-based counterparts (AR? = 0.15, p
=0.02) [9].

Table 1. Comparative Effects of Interventions on Primary Outcomes

Sham NF

Active NF Sham

Outcome Active NF F- p-
_ +tDCS + Sham Control

Measure + tDCS (n=15) (n=15) (n=15) (n=15) value value

_Reaction 208 + 21* 327 + 24 315 + 19* 341 + 27 8.91 <0.001
Time (ms)

Time-to- 42.3+3.7* 38.1+29 39.8+32 37.6+3.1 6.34 0.002

Exhaustion (min)

CES)(':E:SC'ZS 89.4 +5.2% 73.1+6.8 82.3 £ 4.9* 715+57 12.45 <0.001

*Significant improvement vs. sham control (p < 0.05, Bonferroni-corrected). Data presented as mean + SD.



The table  demonstrates  superior
performance across all active intervention
groups, with the combined NF+tDCS
condition yielding the largest effect sizes.
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Notably, even isolated NF or tDCS produced
statistically significant gains over sham
controls, though to a lesser degree than their
synergistic application [10].

Table 2. Beta Power (dB) at F3 Across Timepoints

Group Baseline (Mean

Post-Intervention (Mean

8-week Follow-up (Mean

sD) + SD) + SD)
Afg‘éeSNF * 0.00 £ 0.12 +1.87 +0.23* +2.10+ 0.19*
Sham Control 0.00 £ 0.11 4025+ 015 4031+ 017

*Normalized to baseline (set as 0 dB). *p < 0.01 vs. sham (mixed ANOVA).

Spectral analysis revealed that beta power
enhancements in the active NF+tDCS group
remained stable at 8-week follow-up (mean A
+2.1 dB, p 0.01), whereas sham
participants regressed to baseline levels
(mean A = +0.3 dB, p = 0.62) [11]. This
neural  persistence paralleled retained
performance benefits, suggesting
neurofeedback-induced  plasticity = may
underlie long-term athletic improvements
[12].

Subgroup analyses uncovered divergent
response patterns between sexes, with female
athletes exhibiting greater tDCS-induced
gains in working memory (2-back task
accuracy: +18.9% vs. +11.2% in males, p =
0.03) but less pronounced NF effects on
anxiety reduction (SAS-2 A=-1.9vs.-3.2in
males, p = 0.04) [13]. These differences
remained significant after controlling for
hormonal cycle phase in female participants
Discussion

The present study provides compelling
evidence that the combined application of
neurofeedback (NF) and transcranial direct
current stimulation (tDCS) yields superior
enhancements in both athletic performance
and psychological resilience compared to
either intervention alone, establishing a novel
multimodal approach to neuroenhancement

(p = 0.21 for interaction), indicating potential
sex-specific neuromodulatory pathways [14].
Adverse effects were minimal, with 3
participants reporting transient headache
after tDCS (resolving within 2 hours) and no
serious adverse events [15].

The robustness of these findings was
confirmed by sensitivity analyses excluding
outliers (Cook's D < 0.5) and intention-to-
treat models accounting for 2 dropouts [16].
Effect size calculations revealed large-
magnitude benefits ~ for  combined
interventions (Hedges' g = 1.07 for RT, 0.92
for CD-RISC) compared to moderate effects
for standalone NF or tDCS (g = 0.61-0.73)
[17]. These results collectively establish
neuroenhancement as a viable, multi-modal
approach for optimizing both physical and
psychological dimensions of elite athletic
performance [18].

in elite sports. Our findings demonstrate that
the active NF+tDCS group exhibited a 15.2%
improvement in reaction time and 22.3-point
increase in resilience scores, effects that were
significantly greater than those observed in
sham controls and that persisted through the
8-week follow-up period [1]. These results
align with emerging neuroplasticity models
suggesting that NF and tDCS operate through



complementary mechanisms - where NF
promotes self-regulation of specific neural
oscillations while tDCS induces broader
changes in cortical excitability, collectively
optimizing the brain's performance networks
[2]. The observed increases in beta power
over the left DLPFC, which correlated
strongly with both cognitive and emotional
improvements (r 0.72), support recent
theoretical frameworks proposing this region
as a neural hub for integrating motor
execution with stress regulation [3]. Notably,
our mediation analysis revealed that 41% of
resilience gains were explained by reduced
amygdala reactivity, providing empirical
support for the "top-down control”
hypothesis in athletic stress management [4].

While our results generally concur with
previous reports of tDCS enhancing
endurance performance [5] and NF
improving precision skills [6], several key
distinctions merit discussion. Contrary to
Colzato et al.'s (2023) meta-analysis which
found minimal tDCS effects on anaerobic
capacity [7], our cycling cohort showed a
12.4% increase in time-to-exhaustion, a
discrepancy potentially attributable to our
optimized montage (F3-F4) and concurrent
NF protocol [8]. The sport-specific
variability in outcomes - with skill-based
athletes deriving greater cognitive benefits
while endurance athletes showed more
psychological gains - echoes recent findings
by Gomez et al. (2024) regarding differential
neural demands across disciplines [9].
However, our observation that female
participants responded better to tDCS but less
to NF for anxiety reduction contrasts with
Thompson et al.'s (2023) gender-neutral
outcomes, possibly reflecting hormonal
modulation of stimulation effects that
warrants investigation in larger cohorts [10].

The  longitudinal  persistence  of
neurophysiological changes (68%
maintenance at follow-up) addresses a
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critical gap identified in prior reviews [11] by
demonstrating that repeated sessions can
induce durable adaptations, likely through
LTP-like mechanisms in the DLPFC-
amygdala circuitry [12]. This finding
challenges the transient effects reported in
single-session tDCS studies [13] and
suggests cumulative benefits from the 10-
session protocol. Importantly, the minimal
adverse effects (3 cases of transient
headache) support the safety profile of this
combined  approach, though ethical
considerations regarding performance equity
remain pertinent given the magnitude of
enhancements [14].

Methodologically, our stratified
randomization and rigorous  blinding
procedures mitigate limitations that plagued
earlier studies [15], while the use of both
objective (EEG, performance metrics) and
subjective (CD-RISC-25) measures provides
comprehensive outcome assessment.
Nevertheless, the absence of neural imaging
(e.g., fTMRI) limits mechanistic insights into
network-level changes, a direction future
research should prioritize [16]. Additionally,
while we controlled for menstrual cycle
phases in female athletes, the potential
interaction between hormonal fluctuations
and stimulation efficacy requires dedicated
investigation [17].

Conclusion

This study establishes that combined
neurofeedback and tDCS induces synergistic
improvements in athletic performance and
psychological resilience, mediated by
durable neuroplastic changes in prefrontal
regulatory circuits. The intervention's sport-
specific  and  sex-dependent  effects
underscore the necessity for personalized
protocols in sports neuroscience applications.
Future work should explore optimal dosing
strategies and long-term mental health
impacts while addressing ethical implications



of neuroenhancement in competitive sports.
These findings redefine the boundaries of
human performance optimization,
positioning neuromodulation as a
transformative tool in elite athletic training
paradigms.
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Key Message:

This study demonstrates that combining
neurofeedback (NF) and transcranial direct
current  stimulation  (tDCS)  produces
synergistic, long-lasting improvements in
both athletic performance (15.2% faster
reaction time, 12.4% increased endurance)
and psychological resilience (22.3-point
gain) in elite athletes. The intervention
induces durable neuroplastic changes in
prefrontal-amygdala circuits, with effects
persisting for 8 weeks, offering a
scientifically validated,

personalized approach to optimizing both
physical and mental aspects of elite sports
performance.
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