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Performance in precision sports such as golf depends on the athlete’s ability to regulate psychophysiological
responses under competitive pressure. Heart rate variability (HRV), cortisol, and DHEA provide complementary
indices of autonomic and endocrine adaptation to competitive stress, and SCP neurofeedback represents a po-
tential training approach for cortical self-regulation, although evidence in athletes remains limited. This study
evaluated a standardized SCP training protocol in golfers by examining cortisol, DHEA and HRV responses during
simulated competitions and putting performance. In this exploratory parallel-group randomized controlled trial,
42 (21 per group) amateur and semi-professional golfers (mean age = 43.00 years, SD = 13.13) were stratified by
handicap and assigned to an SCP neurofeedback group or a wait-list control group. The SCP group completed an
8-week neurofeedback program. A first simulated tournament was performed before training and a second after
the intervention. During both competitions, salivary cortisol and DHEA were collected pre- and post-task
(including DHEA/Cortisol ratio), and heart rate variability (HRV) was assessed at baseline and during game-
play (HR, LF, HF, LF/HF, total power, RMSSD). Hormonal responses showed a re-exposure pattern in both
groups, with lower cortisol and higher DHEA during the second tournament. Exploratory autonomic analyses
during gameplay indicated higher HRV magnitude and RMSSD in the trained group than in controls post-
intervention, although these findings should be interpreted cautiously. Putting performance did not improve
significantly following the intervention. Overall, these findings suggest that SCP training may be associated with
a relative preservation of autonomic modulation during repeated competitive exposure. However, this inter-
pretation remains preliminary, and causal attribution is limited by the exploratory design and the absence of an
active sham-control condition.

1. Introduction

Golf is a precision sport requiring technical consistency under envi-
ronmental, cognitive, and emotional variations, making psychophysio-
logical self-regulation a critical performance determinant (Stockl and
Lamb, 2018). Practiced by approximately sixty million people world-
wide, the sport's competitive demands—integrating fine motor control,
emotional stability, and attentional regulation under pressure—have

driven increasing interest in optimizing performance from physical,
psychological, physiological, and environmental perspectives (Bangsbo,
2015; Carson et al., 2020; Fronso et al., 2017; Gladdines et al., 2022).
The precision required in each stroke and the need to maintain consis-
tency under changing conditions make this self-regulation especially
relevant in critical moments where small variations can significantly
alter performance (Bortoli et al., 2012; Lu et al., 2021).

From a psychophysiological perspective, competitive stress emerges
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when perceived demands exceed an athlete's available resources, trig-
gering coordinated cognitive, emotional, autonomic, and neuroendo-
crine responses that threaten homeostatic balance (Tsigos et al., 2000;
James et al., 2023). In sport, this threat appraisal manifests as anxiety
and tension perceived as exceeding coping capacity, accompanied by
activation of the sympathetic-adrenomedullary axis and the
hypothalamic-pituitary-adrenal (HPA) axis—mechanisms that prepare
the organism to meet perceived demands (Smith and Vale, 2006; Godoy
et al., 2018; Hertting et al., 2020; Thielmann et al., 2022). These ad-
justments are captured by complementary biomarkers. Cortisol reflects
early HPA-axis engagement and energy mobilization around competi-
tion (MacDonald and Wetherell, 2019; Smith and Vale, 2006), with
anticipatory increases documented in precision sports including golf
(Filaire et al., 2009; Van Paridon et al., 2017) and recently in elite
cross-country runners, where pre- and post-race cortisol correlated with
race time and predicted competitive success (Aydemir et al., 2025);
parallel evidence from triathlon, volleyball, and golf further confirms its
value as a marker of competitive pressure (Balthazar et al., 2012; Costa
et al., 2022; Doan et al., 2007). DHEA counteracts cortisol-related
catabolic effects and supports physiological adaptation to effort, and
the cortisol/DHEA ratio has been proposed as a sensitive index of the
balance between activation and recovery with implications for perfor-
mance quality (Dutheil et al., 2021; Gerra et al., 2001; Lee et al., 2020;
Lennartsson et al., 2013; Morgan et al., 2009; Wang et al., 2009).
Complementarily, heart rate variability (HRV) indexes autonomic
flexibility—the dynamic balance between sympathetic and para-
sympathetic modulation—and in golf specifically allows evaluation of
how efficiently athletes regulate arousal, maintain emotional stability,
and recover between high-demand moments (Laborde et al., 2017;
Shaffer and Ginsberg, 2017; Thayer et al., 2012). The core HRV indices
for characterizing competitive autonomic adjustment include HR, total
power, LF, HF, and LF/HF ratio as frequency-domain markers, and
RMSSD as a time-domain measure sensitive to vagal modulation and
central autonomic control under pressure (Damoun et al., 2024; Quigley
et al., 2024; Schaeuble and Myers, 2022). Collectively, these autonomic
and endocrine responses differ across challenge and threat appraisals in
ways that predict performance outcomes (Meijen et al., 2020; Schaeuble
and Myers, 2022).

Performance in precision sports further depends on the central ner-
vous system's ability to efficiently regulate cortical excitability—a pro-
cess crucial for attentional stability and motor preparation under
demand (Pearce and Kidgell, 2009). Expert athletes demonstrate more
stable and economically modulated cortical activation patterns than
novices, a phenomenon described by neural efficiency theory (Bertollo
et al., 2016; Wang et al., 2020). Both biofeedback and neurofeedback
approaches have been developed to train this capacity: multimodal
biofeedback protocols providing real-time access to HRV, galvanic skin
response, and peripheral temperature have improved cognitive function
and reduced state anxiety in competitive athletes (Makaraci et al., 2024;
Mirifar et al., 2017), while EEG-based neurofeedback further extends
self-regulation training to specific cortical parameters (Brito et al.,
2022). Among neurofeedback modalities, slow cortical potential (SCP)
training targets slow polarization shifts reflecting neuronal
excitability—negative SCPs linked to preparation and activation, posi-
tive SCPs to inhibitory regulation—and has produced stable improve-
ments in attentional control and cortical self-regulation in multicenter
clinical trials (Elbert, 1993; Mayer et al., 2016; Strehl, 2009; Strehl et al.,
2017) as well as in healthy adults (Gevensleben et al., 2014), supporting
its application in sport contexts (Hasslinger et al., 2022; Kimura et al.,
2024). Using this same standardized SCP protocol in competitive golfers,
our group previously reported neurophysiological effects consistent
with improved cortical self-regulation and neural efficiency under
ecologically valid competitive conditions (Lizama et al., 2025). A
theoretical rationale for examining SCP training in relation to autonomic
and endocrine responses comes from neurovisceral integration models,
which link cortical regulatory systems with autonomic and HPA-axis
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Table 1

Baseline demographic and performance characteristics of the sample.
Variable Control group Training group p Cohen’s d

(n =21) (n=21)

Age, years, M + SD 46.48 +13.41 40.57 +£13.18 .16 0.44
Age range, years 25-67 17-64 — —
Male sex, n (%) 16 (76.19%) 15 (71.43%) .73 —
Female sex, n (%) 5 (23.81%) 6 (28.57%) — —
Handicap, M + SD 9.71 +7.88 7.91 +£9.57 .51 0.22
Handicap range 0-26 -3-35 — —

Note. Values are presented as mean + SD unless otherwise indicated. Sex dif-
ferences were tested using a chi-square or Fisher’s exact test, as appropriate. Age
and handicap were compared using independent-samples t-tests. Cohen’s d is
reported for continuous variables only. SD = standard deviation.

activity (Thayer et al., 2012; Matusik et al., 2023). Within this neuro-
visceral integration framework, enhanced prefrontal inhibitory tone
would support higher vagal activity and attenuated HPA
reactivity—suggesting that SCP-induced improvements in cortical
self-regulation may propagate through this
cortical-to-autonomic-to-endocrine cascade to influence HRV and cor-
tisol/DHEA responses under competitive pressure (Schaeuble and
Myers, 2022).

Despite growing interest in competitive stress physiology and neu-
rofeedback applications in sport, direct evidence examining how stan-
dardized SCP training influences HRV and stress-related hormones in
athletes under ecologically relevant competitive conditions remains
limited. The present exploratory study addresses this gap by examining
whether SCP training is associated with different autonomic, endocrine,
and performance-related patterns across repeated competitive exposure
in golfers, compared with controls, using HRV, cortisol, DHEA, and
putting performance measures collected during simulated competition.
Based on the theoretical framework outlined above, we explored
whether: (1) golfers who completed SCP training show different HPA-
axis-related responses under competitive conditions, reflected in
cortisol levels and the cortisol/DHEA ratio, compared with controls; (2)
SCP training would be associated with different HRV patterns during
competition, particularly in RMSSD, HF power, and LF/HF ratio; and (3)
these autonomic and endocrine patterns would be accompanied by
differences in performance outcomes under competitive pressure.

2. Methods
2.1. Participants

A total of 42 amateur golfers aged 22-64 years participated in the
study (mean age = 43.00 years, SD = 13.13). All were active players
from golf clubs in Santiago, Chile, training at least once per week. The
sample covered a wide range of competitive levels, with handicaps
spanning from PRO and low negative values (—3, —1) to high handicaps
(up to 35), ensuring representation of elite, advanced, and amateur
golfers. To balance group characteristics, participants were evenly
assigned to the intervention or control group through stratified
randomization based on handicap, resulting in 21 participants per
group: the control group had a mean age of 46.48 years (SD = 13.41)
and a mean handicap of 9.71 (SD = 7.88), whereas the training group
had a mean age of 40.57 years (SD = 13.18) and a mean handicap of
7.91 (SD = 9.57), with no significant between-group differences in age
(p = .16, Cohen’s d = 0.44) or handicap (p = .51, Cohen’s d = 0.22)
(Table 1).

Sample size was calculated with a priori analysis using G-Power
3.1.9.7. The primary comparison of interest was the difference between
control and intervention groups at the post-intervention assessment, for
which a two-tailed independent samples test was conducted with o
= 0.05, statistical power of 70%, and an expected effect size of Cohen’s
d = 0.8 (Panjeh et al., 2023). Based on these parameters, the required
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Fig. 1. CONSORT-style flowchart showing participant screening, stratified
randomization of 42 golfers, allocation to intervention and control groups, and
final inclusion of 21 participants per group in the analysis.

sample size was estimated to be 21 participants per group (42 in total).
Although the power is lower than the conventional 80% benchmark, it
was selected due to the exploratory nature of the study and was
considered sufficient to address the primary research question.

Eligibility criteria included being an active golf player and providing
informed consent. Exclusion criteria followed previous guidelines and
included (Gamaiunova et al., 2022): recent changes in psychoactive
medication, use of benzodiazepines or hypnotic agents, current treat-
ment for major psychiatric disorders (e.g., bipolar, schizophrenia), sig-
nificant medical conditions interfering with participation, and the use of
medications affecting central nervous system or HPA axis function.

This study followed a two-group, parallel randomized controlled
trial design with a superiority framework. Both groups completed pre-
and post-intervention assessments over an eight-week period, including
characterization of psychological, physiological, and neurobiological
parameters, SCP evaluation, and sports performance under simulated
competition. One participant was evaluated per day (Monday to Friday,
8:00-11:00 a.m., Santiago, Chile) at the designated golf sports facility.
The control group followed the same assessment schedule without
receiving SCP training and was offered the intervention after the study
was completed.

2.2. Randomization and allocation procedures

Random allocation was performed using a computer-generated
sequence created with Randomizer.org by a researcher who was not
involved in participant assessment or intervention delivery. The allo-
cation sequence was kept by this researcher and was not available to the
team responsible for enrolling participants or conducting baseline
evaluations. Group assignment was disclosed only after each participant
completed baseline procedures, ensuring that the sequence remained
concealed until allocation. Participants were enrolled by the assessment
team, who remained blinded to the allocation sequence, and the inde-
pendent researcher who generated the sequence implemented the final
group assignments. Stratified randomisation based on handicap was
used to maintain comparable levels of competitive experience across
groups Fig. 1.

Data analysts were not formally blinded to group allocation during
HRV and hormone processing, and full allocation concealment could not
be completely ensured because of the nature of the neurofeedback
intervention and the wait-list control design; this represents a method-
ological limitation, as it may have introduced expectancy- or
assessment-related bias.
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2.3. Neuropsychological status

The neurophysiological assessment focused on slow cortical poten-
tials (SCPs), which provide a measure of participants’ ability to volun-
tarily regulate cortical excitability. SCPs were recorded at Cz, a central
scalp location commonly used in SCP neurofeedback protocols, to assess
whether participants could intentionally shift brain activity in two di-
rections: toward cortical activation, reflected by negative SCP shifts, and
toward cortical inhibition, reflected by positive SCP shifts. At both pre-
and post-intervention assessments, participants completed a brief set of
activation and deactivation trials designed to evaluate this self-
regulatory capacity outside the training sessions. Thus, these re-
cordings were used as neurophysiological outcome measures of learned
cortical regulation, whereas the full training protocol, feedback pro-
cedures, and session parameters are described in 2.6.

2.4. Physiological status

Salivary cortisol and dehydroepiandrosterone (DHEA) were assessed
before and after the intervention to characterize endocrine responses to
competitive exposure. In each evaluation session (pre- and post-
intervention), saliva was collected twice: (1) immediately after
completing the psychological questionnaires (pre-task sample), and (2)
immediately after completing the sports performance assessment (post-
task sample). Thus, each participant provided four saliva samples across
the study (two per session). Samples were collected in 5 mL tubes,
centrifuged and stored at —80 °C until analysis. Hormone concentrations
were quantified using commercial ELISA kits (Thermo Fisher Scientific;
cortisol Catalog # EELR004, DHEA Catalog # EIADHEA). The intra- and
inter-assay coefficients of variation were 8.8% and 8.1% for cortisol, and
7.0% and 8.4% for DHEA, respectively. The DHEA/cortisol ratio was
computed as an additional index reflecting the balance between stress-
related activation and adaptive hormonal modulation.

Heart rate variability (HRV) was recorded using a Polar H10 chest-
strap sensor and processed with the Elite HRV platform. A 5-min
resting baseline was obtained before the simulated tournament under
seated and quiet conditions, providing a pre-competition autonomic
reference. During the tournament, HRV was recorded continuously, and
R-R interval series were exported for subsequent analysis. Prior to HRV
calculation, raw R-R interval data were visually inspected and processed
using the platform’s automated artifact-detection and correction pro-
cedures. The Elite HRV preprocessing pipeline identifies potential
movement artifacts, ectopic beats, and physiologically implausible in-
tervals using a software-native threshold-based filtering algorithm.
Flagged intervals were corrected using the platform’s interpolation
procedures in order to preserve the continuity of the R-R interval series
required for time- and frequency-domain analyses. Recordings or seg-
ments classified by the platform as poor quality or showing excessive
signal noise or unstable recording quality upon visual inspection, were
not retained for HRV computation.

To further minimize the influence of extreme values on statistical
analyses, secondary outlier screening was conducted after extraction of
HRYV variables. This screening was performed dynamically according to
the distribution of each variable: normally distributed variables were
screened using a Z-score threshold of +3 SD, whereas non-normally
distributed variables were screened using the interquartile range
method, with values outside 1.5 x IQR considered potential outliers.
When an outlier was identified in a longitudinal comparison, the cor-
responding participant was excluded from that specific paired analysis
to preserve the integrity of the repeated-measures design. Normality was
assessed using the Shapiro-Wilk test.

To characterize autonomic regulation during performance, HRV
indices were calculated for the competitive task period using an aver-
aged in-game segment across the four distance blocks, with a mean
segment duration of approximately 5 min. When applicable, exploratory
analyses were also conducted for the distance-specific blocks of the
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SCP Self-Regulation Training Protocol

. Timeline and session structure

o Protocol purpose

9 Overall intervention timeline

Training voluntary self-regulation

N

Per participant:

16 sessions
over 8 weeks

of slow cortical potentials (SCPs)
in two directions.

2 sessions / week

Frequency:

©

Session duration:
~60 min

(&)

20 min setup
+ 40 min training

Overall study completion period across all participants: ~20 weeks

(This refers to the full sample completion period, not the individual intervention duration.)

|  4blocks x 40 tests
‘ } =160 tests/session | Block1_| —
‘ | ® 2-min pause ." 8
between blocks .0 .0‘ >
e Total across program: 2 min
2,560 tests per participant 40 tests

o Single-trial structure

8s 8s
Activation 2s Inhibition
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upward flash) Fiestbasetine downward flash)
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2 pause | @ pause | BI 4
us - N g - us
. & <. & [ o1
o To7 W% 27 %
40 tests \ 40 tests 40 tests

o Training targets

(@

1 % attentional and l excitability;
cognitive resources calm/regulation

Negative activity Positive activity

S

«® / Cortical activation Cortical inhibition

Q Additional protocol features

Transfer trials (no feedback):
in block 3, 10 tests
(5 activation, 5 inhibition)

Visual feedback:
arrow (up/down) + upper rectangle
reflecting muscular tension (noise control)

SCP = slow cortical potentials. Negative and positive activity refer to the two trained directions of SCP self-regulation.

Fig. 2. Diagram summarizing the structure of the SCP neurofeedback protocol, including session design, activation/inhibition tasks, transfer trials, and visual

feedback configuration.

putting protocol, using the full available R-R interval segment corre-
sponding to each block, up to a maximum duration of 5 min per distance.
The analyzed HRV variables included mean heart rate (HR), total power
(TP), low-frequency power (LF), high-frequency power (HF), the LF/HF
ratio, and RMSSD. These indices provided complementary information
on overall cardiovascular activation, global variability magnitude,
frequency-domain HRV components, and short-term vagal-related dy-
namics. Because spectral HRV indices are particularly sensitive to pre-
processing decisions and respiration, LF, HF, and LF/HF were
interpreted cautiously.

2.5. Sports performance assessment

Sports performance was evaluated through a standardized simulated
putting task in which each participant executed 120 putts per session.
Putts were divided into four distances (4 m, 3 m, 2 m, and 1 m; 30 putts
per distance) and were performed on the same natural green under
identical conditions in both the pre- and post-intervention evaluations.
Each participant attended an individual one-hour session to complete
the full task. The task was designed as a standardized competitive
exposure rather than a head-to-head contest. Performance was oper-
ationalized as the number of successful putts holed on the first attempt
(total score, 0-120), yielding one performance score in Tournament 1
(pre-intervention) and one in Tournament 2 (post-intervention) (Dias
et al.,, 2021). Group effects were evaluated by comparing pre-post
changes between the training and control groups.

2.6. Slow cortical potentials neurofeedback intervention

The SCP neurofeedback intervention followed the standardized
protocol previously reported by our group in competitive golfers, where
its implementation and neurophysiological effects on neural efficiency
and beta activity modulation were described in detail (Lizama et al.,
2025). In the present study, the intervention is summarized to clarify
how the training was embedded within the broader randomized proto-
col and how it preceded the endocrine, autonomic, and performance
assessments shown in the timeline figure Fig. 2.

Briefly, participants in the training group completed 16 SCP neuro-
feedback sessions over 8 weeks, with two sessions per week. Training
was recorded at Cz using Ag/AgCl electrodes, with vertical and hori-
zontal EOG channels included to monitor ocular artifacts; electrode
impedances were kept below 5 kQ. Each session lasted approximately
60 min including preparation and setup, with around 40 min of active
training. Participants completed four blocks of 40 trials per session,
resulting in 160 trials per session and 2560 trials across the full inter-
vention. Trials required participants to learn two complementary forms
of cortical self-regulation: producing negative SCP shifts, associated
with increased cortical activation, and positive SCP shifts, associated
with cortical inhibition. Most trials included visual feedback, whereas
transfer trials without feedback were interleaved to promote general-
ization of self-regulation beyond the training context.

All sessions were conducted in the same facility and supervised by a
certified neurofeedback practitioner. The control group followed the
same assessment schedule but did not receive neurofeedback during the
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Hormonal activity across tournaments
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T1 = Tournament 1 (pre-intervention); T2 = Tournament 2 (post-intervention). Values are mean + SD.

Fig. 3. Cortisol and DHEA responses across tournaments and groups. Data are presented as mean + SD.

study period, serving as a wait-list control group. Participants in the
control group were offered the intervention after completing the study.

2.7. Statistical analysis

All variables were tested for normality prior to analysis. When data
met parametric assumptions, group comparisons were performed using
Student’s t-tests (paired t-tests for within-group pre-post comparisons
and independent t-tests for between-group comparisons). When as-
sumptions were violated, non-parametric alternatives were applied
(Wilcoxon signed-rank tests for within-group changes and Man-
n-Whitney U tests for between-group comparisons). Effect sizes were
quantified as Cohen’s d for parametric tests and rank biserial correlation
(RBC) for non-parametric tests. Associations between hormonal and
HRV variables were examined using Spearman’s rank correlation (p).
Results are reported as mean + SD or median [IQR], depending on the
distribution of each variable. Statistical significance was set at p < 0.05.
All analyses were conducted using Python®. All participants were
included in the statistical analyses according to their originally assigned
groups, and no missing data were present, as all participants completed
every assessment.

It is important to note that given the exploratory nature of the study
and the number of physiological and correlational analyses performed,
false discovery rate (FDR) corrections using the Benjamini-Hochberg
procedure were calculated and are reported in the Appendices to pro-
vide a transparent assessment of the robustness of the findings after
adjustment for multiple comparisons.

3. Results

Results section report the uncorrected analyses to describe the
exploratory pattern of results; however, FDR-corrected analyses are
provided in the Appendices (1 & 2), and the principal group-related
physiological and correlational findings did not remain statistically
significant after correction for multiple comparisons.

Table 2
Hormonal activity across tournaments.
Hormone Sample Tournament Control Training
Cortisol Pre T1 3.35+1.33 3.36 £1.26
3.15 [2.11] 3.48 [1.91]
T2 0.51 £ 0.34 0.39 £ 0.28
0.45 [0.57] 0.26 [0.29]
Post T1 2.66 + 0.91 2.59 +1.47
2.56 [1.27] 2.57 [2.03]
T2 0.39 £ 0.23 0.41 + 0.26
0.29 [0.20] 0.32 [0.22]
DHEA Pre T1 4.14 £ 3.92 3.60 + 3.46
2.81 [5.68] 3.04 [5.90]
T2 10.59 + 5.68 12.78 +£9.79
10.98 [7.94] 11.32 [11.79]
Post T1 1.41 +£1.63 4.13 +£4.37
0.71 [1.86] 2.90 [7.05]
T2 12.31 + 8.67 9.90 + 6.50
9.45 [10.48] 9.80 [9.43]
Note. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-

intervention; Control = group with no intervention; Training = group with
SCP intervention. Values are presented as M + SD on the first line and Mdn
[IQR] on the second line. M = mean; SD = standard deviation; Mdn = median;
IQR = interquartile range.

3.1. Hormonal responses

Hormonal levels were assessed before and after each tournament to
characterize endocrine responses to competitive stress. Detailed
descriptive statistics for hormonal outcomes are provided in Fig. 3 and
Table 2. Cortisol levels decreased from Tournament 1 to Tournament 2
at both sampling points in both groups. Specifically, pre-task cortisol
decreased from Tournament 1 to Tournament 2 in the training group
(Wilcoxon signed-rank test, p < .001; RBC = —1.00) and in the control
group (Wilcoxon signed-rank test, p < .001; RBC = —1.00) (Fig. 3).
Similarly, post-task cortisol decreased from Tournament 1 to Tourna-
ment 2 in the training group (Wilcoxon signed-rank test, p < .001; RBC
= —0.98) and in the control group (Wilcoxon signed-rank test, p < .001;
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Frequency-domain HRV indices across tournaments
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Fig. 4. Low-frequency (LF) power, high-frequency (HF) power, and LF/HF ratio are shown at baseline and during in-game performance for the control and training
groups across both tournaments. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-intervention. Data are presented as mean + SD. Statistical sig-
nificance refers to within-group changes from T1 to T2 and between-group differences at each tournament. n = 21 per group.

RBC = —1.00) (Fig. 3). Between-group comparisons at Tournament 1
and Tournament 2 showed no differences in cortisol at either time point
(all Mann-Whitney U tests, p > .05) (Table 2). This tournament-related
decrease is consistent with reduced endocrine reactivity upon re-
exposure to the same competitive setting.

DHEA exhibited a trajectory opposite to cortisol, increasing from
Tournament 1 to Tournament 2 at both sampling points in both groups
(Fig. 3, Table 2). Pre-task DHEA increased significantly from Tourna-
ment 1 to Tournament 2 in the training group (Wilcoxon signed-rank
test, p <.001; RBC = 0.91) and in the control group (Wilcoxon
signed-rank test, p = .0029; RBC = 0.83) (Fig. 3). Post-task DHEA also
increased significantly in the training group (Wilcoxon signed-rank test,
p < .001; RBC = 0.68) and in the control group (Wilcoxon signed-rank
test, p < .001; RBC = 0.99) (Fig. 3). Between-group comparisons did

not show differences in DHEA at Tournament 1 or Tournament 2 for
either time point (all Mann-Whitney U tests, p > .05).

Given the reciprocal cortisol and DHEA changes, the DHEA-to-
cortisol ratio (DCR) was examined as an integrated index. DCR
increased significantly from Tournament 1 to Tournament 2 in both
groups: pre-task DCR increased in the training group (Wilcoxon signed-
rank test, p < .001; RBC = 1.00) and in the control group (Wilcoxon
signed-rank test, p < .001; RBC = 1.00), and post-task DCR increased in
the training group (Wilcoxon signed-rank test, p < .001; RBC = 0.96)
and in the control group (Wilcoxon signed-rank test, p < .001; RBC =
0.99). Between groups, pre-task DCR did not differ at Tournament 1 or
Tournament 2 (both Mann-Whitney U tests, p > .05). However, at
Tournament 1, the training group showed higher post-task DCR than
controls (Mann-Whitney U test, p = .029; RBC = 0.43), whereas no
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Table 3 Table 5
Low frequency across tournaments. LF/HF ratio across tournaments.
Variable Tournament Control Training Variable Tournament Control Training
LF baseline T1 1772.99 +1286.54  1669.93 + 1250.99 LF/HF baseline T1 4.46 £ 2.09 3.40 £1.79
1496.64 [2165.24] 1345.66 [1862.55] 4.17 [2.41] 3.14 [1.87]
T2 902.69 + 673.36 1277.09 + 1179.66 T2 3.92+2.14 2.97 +2.45
815.07 [1152.36] 772.55 [1878.83] 3.84 [2.35] 2.56 [3.25]
LF average in-game T1 1434.57 + 1267.24 2038.91 + 1486.79 LF/HF average in-game T1 6.49 + 3.03 8.57 £5.94
922.07 [2122.31] 1818.14 [1831.68] 6.71 [3.38] 7.67 [7.23]
T2 878.16 + 724.55 1674.27 +1099.88 T2 9.77 £5.95 10.57 +5.18
627.13 [734.69] 1757.30 [1781.04] 9.31 [6.79] 10.87 [5.21]

Note. T1 =Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; LF = low-frequency power; Control = group with no interven-
tion; Training = group with SCP intervention. Values are presented as M + SD
on the first line and Mdn [IQR] on the second line. M = mean; SD = standard
deviation; Mdn = median; IQR = interquartile range.

Table 4
High frequency across tournaments.
Variable Tournament Control Training
HF baseline T1 455.40 + 365.38 517.52 + 411.91
425.91 [632.66] 365.19 [416.85]
T2 285.37 £+ 251.02 684.79 £ 779.62
204.53 [406.31] 296.71 [824.46]
HF average in-game T1 235.00 + 240.20 282.55 £+ 169.90

147.62 [274.29]
T2 106.27 + 65.67
107.49 [102.12]

258.27 [241.08]
308.81 + 304.08
193.34 [328.71]

Note. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; HF = high-frequency power; Control = group with no interven-
tion; Training = group with SCP intervention. Values are presented as M + SD
on the first line and Mdn [IQR] on the second line. M = mean; SD = standard
deviation; Mdn = median; IQR = interquartile range.

between-group difference was observed at Tournament 2 (Man-
n-Whitney U test, p =.76; RBC = —0.06). Together, the increase in
DHEA and the resulting rise in DCR from Tournament 1 to Tournament 2
are consistent with reduced endocrine stress reactivity during the second
exposure.

Therefore, endocrine responses shifted across tournaments: cortisol
decreased while DHEA increased from Tournament 1 to Tournament 2
in both groups, yielding a consistent rise in the DHEA-to-cortisol ratio
(DCR). Taken together, this pattern suggests attenuated endocrine
reactivity during the second exposure to the same competitive setting.
Regarding SCP training, between-group contrasts for cortisol and DHEA
did not show a systematic separation at the sampled time points, how-
ever, a discrete between-group effect emerged for post-task DCR at
Tournament 1 in favor of the training group, which was not replicated at
Tournament 2.

3.2. Heart Rate Variability (HRV) response

HRV-derived components were analyzed to determine whether SCP
training influenced autonomic patterns across repeated exposure to the
same competitive task.

Regarding frequency-domain indices (LF, HF, and LF/HF), baseline
measures showed a re-exposure effect in the control group. Specifically,
baseline LF decreased significantly from Tournament 1 to Tournament 2
in the control group (Wilcoxon signed-rank test, p =.0014; RBC =
—0.77), indicating reduced low-frequency oscillatory modulation at rest
(Fig. 4, Table 3). Similarly, baseline HF decreased significantly in the
control group (Wilcoxon signed-rank test, p =.0175; RBC = —0.58)
(Fig. 4, Table 4).

During gameplay (average in-game), a post-intervention between-
group divergence emerged. The training group showed significantly
higher LF than controls (Mann-Whitney U test, p = .0257; RBC = 0.44)

Note. T1 =Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; LF/HF = low-frequency to high-frequency ratio; Control = group
with no intervention; Training = group with SCP intervention. Values are pre-
sented as M =+ SD on the first line and Mdn [IQR] on the second line. M = mean;
SD = standard deviation; Mdn = median; IQR = interquartile range.

(Fig. 4, Table 3).

In parallel, the training group also showed significantly higher HF
than controls (Mann-Whitney U test, p = .0340; RBC = 0.41) (Fig. 4,
Table 4). Additionally, the LF/HF ratio during gameplay increased
significantly from Tournament 1 to Tournament 2 in both groups
(training: paired Student’s t-test, p =.0139; d = 0.36; control: paired
Student’s t-test, p = .0152; d = 0.70) (Fig. 4, Table 5).

These results could indicate that, although the task elicited the ex-
pected physiological activation, trained participants displayed higher
overall autonomic modulation during execution compared with
controls.

For global/time-domain indices (HR, total power [TP], and RMSSD),
several significant effects were observed (Fig. 5). Baseline HR did not
differ significantly across tournaments within either group (Fig. 5,
Table 6). During gameplay, HR did not show a significant pre—post
change within the training group (paired Student’s t-test, p = .0901; d =
—0.39) or within the control group (paired Student’s t-test, p = .865; d =
—0.04). However, the magnitude of change differed between groups
(Mann-Whitney U test, p = .0201; RBC = —0.45), indicating distinct
tournament-related HR change patterns in the training group relative to
controls (Fig. 5, Table 6).

For total power (TP), baseline values decreased significantly from
Tournament 1 to Tournament 2 in the control group (Wilcoxon signed-
rank test, p < .001; RBC = —0.80), whereas no significant baseline
change was observed in the training group (Fig. 5, Table 7). During
gameplay, TP also decreased significantly in the control group (Wil-
coxon signed-rank test, p = .0483; RBC = —0.53), and post-intervention
gameplay TP was significantly higher in the training group than in
controls (Mann-Whitney U test, p =.0157; RBC = 0.47) (Fig. 5,
Table 7).

For RMSSD, baseline values decreased significantly in the control
group (paired Student’s t-test, p = .0183; d = —0.62), while remaining
stable in the training group (Fig. 5, Table 8. During gameplay, RMSSD
decreased significantly from Tournament 1 to Tournament 2 in the
control group (Wilcoxon signed-rank test, p = .0385; RBC = —0.56),
whereas post-intervention gameplay RMSSD was significantly higher in
the training group than in controls (Mann-Whitney U test, p = .0312;
RBC = 0.41) (Fig. 5, Table 8). Overall, these uncorrected effects suggest
a descriptive pattern of relatively higher HRV indices in the training
group during task execution, but this pattern should not be interpreted
as confirmatory evidence of training-related autonomic change.

Together, considering the exploratory nature of the study, these re-
sults suggest a descriptive pattern in which the control group showed
reductions in overall HRV magnitude and short-term vagal-related
indices at re-exposure, whereas the training group showed relatively
stable HRV values across tournaments and higher post-intervention
levels during gameplay. In the uncorrected analyses, the training
group showed higher LF, HF, TP, and RMSSD during gameplay at
Tournament 2 compared with controls. However, as these group-related
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Global/time-domain HRV indices across tournaments
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Fig. 5. Heart rate, total power and RMSSD before and during competitive performance. Heart rate (HR) before competition, Mean heart rate in-game, Total
power of HRV before competition, Mean in-game total power, RMSSD before competition and Mean in-game RMSSD. Data are presented as mean + SD. Statistical
significance corresponds to pre- to post-tournament comparisons and between-group differences during the second tournament. n = 21 per group.

HRYV findings did not remain significant after FDR correction (see ap-
pendix 1), they should be interpreted as exploratory descriptive patterns
rather than as evidence of enhanced autonomic regulation.

3.3. Performance during the tournament

Performance outcomes were evaluated across both tournaments to
determine whether SCP training influenced putting accuracy and overall
game performance (Fig. 6, Table 9). For total score both groups showed
small, non-significant decreases from Tournament 1 to Tournament 2
(training: paired Student’s t-test, p = .255; d = —0.29; control: paired
Student’s t-test, p = .206; d = —0.31). Between-group differences were
not significant at baseline (T1: independent Student’s t-test, p = .462;
d = 0.23) or at post-intervention (T2: independent Student’s t-test,

p = .228; d = 0.38). In addition, the pre-post change did not differ be-
tween groups (p = .858; d = 0.06).

For average in-game performance (Fig. 6, Table 9), the training
group showed a small, non-significant change from Tournament 1 to
Tournament 2 (paired Student’s t-test, p = .255; d = —0.29), and the
control group showed a similarly non-significant change (paired Stu-
dent’s t-test, p = 0.182; d = -0.37). Between-group comparisons were
also non-significant at baseline (T1: independent Student’s t-test,
p = 0.62; d = 0.15) and at post-intervention (T2: independent Student’s
t-test, p = 0.307; d = 0.32), and the pre—post change did not differ be-
tween groups (independent Student’s t-test, p = 0.725; d = 0.11).
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Table 6
Heart Rate (HR) across tournaments.
Variable Tournament Control Training
HR baseline T1 67.50 + 8.55 71.57 £ 9.58
69.26 [10.51] 73.79 [13.75]
T2 69.63 + 9.84 71.79 +5.81
72.30 [11.38] 72.52 [8.39]
HR average in-game T1 87.60 + 14.50 94.38 +12.21
85.40 [17.27] 93.37 [14.66]
T2 87.12 +9.79 90.21 + 9.06

86.32 [11.70] 91.86 [12.64]

Note. T1 =Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; HR = heart rate; Control = group with no intervention; Training
= group with SCP intervention. Values are presented as M + SD on the first line
and Mdn [IQR] on the second line. M = mean; SD = standard deviation; Mdn
= median; IQR = interquartile range.

Table 7
Total power across tournaments.
Variable Tournament  Control Training
Total power baseline T1 2228.39 2187.45
+ 1616.06 + 1564.73
1935.54 1918.52
[2945.62] [2139.22]
T2 1159.70 1961.88
+ 849.22 + 1718.05
1095.00 1562.81
[1411.75] [2233.36]
Total power average in- T1 1884.73 2255.34
game + 1757.58 + 1550.62
1069.69 2153.50
[3106.24] [2149.51]
T2 984.43 + 774.46 2298.43
720.99 [821.46] + 1856.74
2317.98
[2746.09]

Note. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; Control = group with no intervention; Training = group with
SCP intervention. Values are presented as M + SD on the first line and Mdn
[IQR] on the second line. M = mean; SD = standard deviation; Mdn = median;
IQR = interquartile range.

Table 8
RMSSD across tournaments.
Variable Tournament Control Training
RMSSD baseline T1 36.67 + 16.35 35.38 + 14.80
37.13 [27.63] 34.00 [16.59]
T2 27.59 +12.54 32.51 +£13.31
23.40 [19.06] 30.92 [16.19]
RMSSD average in-game T1 27.57 +15.55 27.01 + 8.79
24.59 [26.02] 27.46 [8.32]
T2 19.49 + 7.96 27.62 +12.10
17.49 [8.90] 27.24 [19.05]

Note. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; RMSSD = root mean square of successive differences; Control
= group with no intervention; Training = group with SCP intervention. Values
are presented as M =+ SD on the first line and Mdn [IQR] on the second line. M
= mean; SD = standard deviation; Mdn = median; IQR = interquartile range.

3.4. Associations between HRV and hormonal responses

To examine whether endocrine responses covaried with autonomic
regulation during competition, Spearman correlation matrices were
computed between salivary hormones and HRV indices derived at
baseline and during gameplay (Figs. 7 and 8).

In Tournament 1, hormone-HRV associations during gameplay were
generally weak in the control group, with no consistent moderate
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correlations emerging across HRV markers. In contrast, the training
group showed several moderate associations in Tournament 1, most
notably between pre-task DCR and average in-game HR (p = 0.69), as
well as negative correlations between post-task hormone levels and
average in-game HR (post-task DHEA: p = —0.43; post-task cortisol: p =
—0.42).

In Tournament 2, post-task cortisol correlated negatively with mul-
tiple gameplay HRV metrics, including average in-game HR (p = —0.61),
average in-game RMSSD (p = —0.43), average in-game LF power (p =
—0.51), average in-game HF power (p = —0.42), and average in-game
TP (p = —0.45) (Fig. 7).

Conversely, in the training group at Tournament 2, post-task cortisol
showed minimal associations with gameplay HRV, whereas DHEA and
DCR displayed moderate positive correlations with HRV magnitude
during gameplay. For example, pre-task DHEA correlated with average
in-game HF power (p = 0.52) and average in-game TP (p = 0.45), and
post-task DCR correlated with average in-game TP (p = 0.54) and
average in-game HF power (p = 0.50) (Fig. 8).

The correlation matrices are therefore presented as exploratory
descriptive analyses. Although some moderate uncorrected associations
were observed between hormonal markers and gameplay HRV indices,
none of the focal hormone-HRV gameplay correlations remained sta-
tistically significant after FDR correction, as reported in the Appendix 2.
Accordingly, these results should be interpreted as hypothesis-
generating patterns rather than as evidence of robust endo-
crine—autonomic covariation.

4. Discussion

The present pilot study examined the effects of a slow cortical po-
tential (SCP) neurofeedback training protocol in amateur golfers and
explored associated neurophysiological, endocrine, autonomic, and
performance-related changes during a simulated competitive setting.
SCP neurofeedback enables voluntary self-regulation of cortical excit-
ability (Strehl et al., 2006), and the cortical results suggest that partic-
ipants in the training group acquired the intended neural control. In line
with previous evidence from our group using this SCP approach in
competitive golfers (Lizama et al., 2025), these findings provide an
initial validation of the training manipulation. Before interpreting the
findings, it should be noted that this was an exploratory study with a
modest sample size and multiple physiological endpoints. Although the
main text reports the uncorrected analyses to describe the exploratory
pattern of results, the principal group-related physiological and corre-
lational findings did not remain statistically significant after FDR
correction for multiple comparisons, as reported in the Appendices.
Accordingly, the endocrine and autonomic findings should be inter-
preted cautiously as preliminary and hypothesis-generating rather than
confirmatory.

Hormonal analyses revealed a tournament-dependent pattern rather
than a specific training effect. Cortisol levels were higher during Tour-
nament 1 at both pre- and post-task assessments in both groups,
consistent with the novelty, uncertainty, and anticipatory demands of
the first competitive exposure (Van Paridon et al., 2017). This profile is
also coherent with previous endocrine observations in golf competition
contexts (Doan et al., 2007; Wang et al., 2009). In Tournament 2,
cortisol decreased markedly, whereas DHEA increased, leading to a
strong increase in the DHEA/cortisol ratio (DCR) in both groups. This
pattern could suggest a shift toward a less catabolic and potentially more
adaptive endocrine profile with repeated exposure (Morgan et al.,
2009), most likely reflecting habituation to the competitive context
rather than a direct effect of SCP training (Kudielka and Wiist, 2010).
The absence of consistent between-group differences supports this
interpretation.

HRV analyses provided complementary information on autonomic
regulation before and during competitive performance (Laborde et al.,
2017). At baseline, several HRV indices decreased from Tournament 1
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Performance outcomes across tournaments
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Fig. 6. Putting performance before and after the SCP intervention. Left: Total putting score for the control and training groups. Right: Mean in-game performance
across all putting attempts. Data are presented as mean + SD. No statistically significant differences were found between assessments. n = 21 per group.

Table 9
Performance across tournaments.
Variable Tournament  Control Training
Performance total score T1 70.62 +14.12  73.71 +£12.88
71.00 [17.00] 69.00 [15.00]
T2 66.52 +11.91  70.48 £ 8.81
63.00 [12.00] 71.00 [9.00]
Performance average in-game T1 14.67 &+ 3.85 15.27 &+ 3.96
14.00 [6.67] 14.00 [5.00]
T2 13.29 + 3.59 14.29 + 2.59
12.67 [5.33] 14.33 [3.00]

Note. T1 = Tournament 1, pre-intervention; T2 = Tournament 2, post-
intervention; Control = group with no intervention; Training = group with
SCP intervention. Values are presented as M + SD on the first line and Mdn
[IQR] on the second line. M = mean; SD = standard deviation; Mdn = median;
IQR = interquartile range.

to Tournament 2, particularly in the control group. One interpretation is
that repeated exposure reduced anticipatory autonomic activation
because the competitive situation became more familiar and less un-
certain (Schommer et al., 2003). However, an alternative explanation is
that the control group may have shown reduced engagement or moti-
vational involvement at re-exposure, especially given the lack of inter-
vention and the absence of blinding. Therefore, lower HRV in controls at
Tournament 2 should not be interpreted solely as a maladaptive
response; it may also reflect habituation, reduced challenge appraisal, or
lower task salience.

During gameplay, the training group showed higher LF, HF, TP, and
RMSSD than controls at Tournament 2, whereas several indices
decreased in the control group. This pattern may suggest a relative
preservation of autonomic variability during performance after SCP
training. Nevertheless, this interpretation must remain cautious.
Although HF and RMSSD are commonly considered vagal-related
indices, respiration was not controlled during gameplay, and changes
in breathing rate or depth may have influenced HF power and other HRV
measures. Similarly, LF should not be interpreted as a pure marker of
sympathetic activity because it includes both sympathetic and para-
sympathetic contributions and is strongly context-dependent (Billman,
2013; Shaffer and Ginsberg, 2017). For this reason, the LF/HF ratio was
treated only as a complementary descriptive index, not as a direct
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measure of sympathovagal balance, given the substantial criticism of
this interpretation in the HRV literature (Billman, 2013).

The observed preservation of TP and RMSSD in the training group
may suggest a more sustained maintenance of autonomic variability
during competitive execution, although this remains an inferential
interpretation. Importantly, the study did not include direct measures of
prefrontal activation during performance, functional connectivity, or
mediation analyses linking SCP modulation to autonomic or endocrine
outcomes. Therefore, any proposed cascade from SCP regulation to
cortical control, autonomic modulation, and endocrine adaptation is
speculative. The present findings are better understood as preliminary
evidence that SCP training may be associated with altered psycho-
physiological regulation during re-exposure to competition, while the
specific cortical-autonomic mechanisms remain untested.

The broad age range of the sample should also be considered when
interpreting HRV and endocrine outcomes. Participants ranged from 22
to 64 years old, and both HRV and endocrine stress markers are known
to vary with age. Age-related declines in HRV and changes in HPA-axis
and adrenal hormone activity may have contributed to interindividual
variability and may partly explain the wide dispersion observed in some
HRYV indices. In addition, several HRV variables showed substantial
variability, especially frequency-domain measures such as LF, HF, and
TP. These extreme or highly dispersed values are consistent with the
known sensitivity of spectral HRV indices to individual differences,
recording conditions, breathing patterns, and movement-related noise.
Consequently, the group-level patterns should be interpreted with
caution, particularly in the context of a small pilot sample.

The behavioral results are theoretically important. No statistically
significant improvement was observed in putting performance, either
for total score or average in-game performance. This null effect indicates
that SCP training, despite producing evidence of learned neural regu-
lation and being associated with some physiological differences, did not
translate into measurable performance gains in this protocol. Several
explanations are possible. First, physiological regulation may change
before behavioral improvement becomes detectable, especially in
complex motor tasks where performance depends on technical skill,
practice history, attentional control, and contextual factors. Second, the
putting task may not have been sensitive enough to capture subtle
performance changes. Third, the intervention may have influenced
psychophysiological state regulation without producing a direct
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Fig. 7. Uncorrected Spearman correlation matrix (Tournament 2-Control group) between salivary hormones and HRV indices. Cells show Spearman’s rho
(p) for pairwise associations among cortisol and DHEA concentrations collected pre and post-task (Cortisol_pre, Cortisol_post, DHEA pre, DHEA post) and HRV
metrics computed at baseline and during gameplay (average in game), including average HR, RMSSD, Low Frequency Power, High Frequency Power, LF/HF ratio,
and Total Power. Warmer colors indicate positive associations and cooler colors indicate negative associations (scale —1-1). Correlations are presented without
correction for multiple comparisons and should therefore be interpreted cautiously as exploratory associations.

improvement in motor accuracy. Therefore, the discrepancy between
physiological changes and null performance findings is central to the
interpretation of the study and indicates that SCP training cannot be
considered performance-enhancing on the basis of the present data
alone.

The exploratory correlation matrices could add preliminary infor-
mation about endocrine-autonomic covariation across tournaments and
groups. In Tournament 1, hormone-HRV associations during gameplay
were generally weak in controls, whereas the training group showed
some moderate associations between DCR, post-task hormones, and
average in-game heart rate. In Tournament 2, controls showed negative
associations between post-task cortisol and several gameplay HRV
indices, whereas the training group showed weaker cortisol-HRV cor-
relations and moderate positive associations between DHEA/DCR and
HRV power. These patterns may suggest that endocrine and autonomic
measures varied differently across groups at re-exposure. However,
given the large number of pairwise correlations, the lack of correction
for multiple comparisons, and the small sample size, the risk of Type I
error is substantial. These associations should therefore be interpreted as
exploratory, not confirmatory, and they require replication in larger,
adequately powered samples.

5. Limitations

Several limitations should be acknowledged. First, this was a pilot
study with a modest sample size, and the a priori power was set at 70%,
meaning that the study was powered only to detect large effects.
Consequently, statistical power was limited, confidence intervals are
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likely wide, and small-to-moderate intervention effects may have gone
undetected. Second, despite stratified randomization, the sample
included a broad age range and considerable heterogeneity in compet-
itive skill/handicap, and data analysts were not formally blinded to
group allocation during HRV and hormone processing; these factors may
have increased variability, introduced potential assessment-related bias,
and reduced sensitivity to detect performance-related effects. Third, the
statistical approach was exploratory and relied primarily on multiple
paired and between-group tests across several HRV indices, hormonal
endpoints, performance outcomes, and correlation matrices. Although
this approach was chosen because of the pilot nature of the study and the
limited sample size, it does not fully model the factorial structure of the
design — Group x Tournament x Time for variables with pre/post
sampling — and increases the risk of Type I error. A mixed-effects model
or repeated-measures ANOVA would provide a more integrated test of
interaction effects in a larger confirmatory study. Moreover, no formal
correction for multiple comparisons was applied to the primary
exploratory analyses; therefore, the physiological and correlational
findings should be interpreted cautiously as preliminary and hypothesis-
generating rather than confirmatory. Fourth, the wait-list control group
did not control for placebo or expectancy effects, and the absence of
sham neurofeedback limits causal attribution of the observed psycho-
physiological differences to SCP training specifically. Fifth, the study did
not include direct measures of prefrontal activation, functional con-
nectivity, or mediation pathways during performance; therefore, any
interpretation involving cortical-autonomic coupling or a cascade from
SCP modulation to autonomic and endocrine adaptation remains spec-
ulative. Sixth, SCP modulation was assessed under standardized
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Correlation matrix Tournament 2 - Training - spearman
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Fig. 8. Uncorrected Spearman correlation matrix (Tournament 2-Training group) between salivary hormones and HRV indices. Cells show Spearman’s rho
(p) for pairwise associations among cortisol and DHEA concentrations collected pre and post-task (Cortisol_pre, Cortisol_post, DHEA pre, DHEA post) and HRV
metrics computed at baseline and during gameplay (average in game), including average HR, RMSSD, Low Frequency Power, High Frequency Power, LF/HF ratio,
and Total Power. Warmer colors indicate positive associations and cooler colors indicate negative associations (scale —1-1). Correlations are presented without
correction for multiple comparisons and should therefore be interpreted cautiously as exploratory associations.

evaluation conditions, and the extent to which these EEG changes
generalize to real-time regulation during putting execution remains
unknown. Seventh, HRV was recorded using a Polar H10 chest strap,
which is acceptable for field-based HRV assessment but is not equivalent
to gold-standard ECG systems. In addition, respiration was not
controlled or monitored during gameplay; because HF power is strongly
respiration-sensitive, breathing rate or depth may have influenced HF
and related HRV indices, limiting interpretation of vagal modulation.
Eighth, saliva samples were collected immediately after questionnaires
and performance, whereas cortisol typically shows a delayed response of
approximately 15-25 min after stress exposure; therefore, post-task
cortisol may partly reflect anticipatory or early task-related stress
rather than the full endocrine response to performance. Finally, psy-
chological self-report data were not reported because the manuscript
focused on physiological responses per se. This limits interpretation of
whether the physiological patterns were accompanied by changes in
appraisal, expectancy, perceived control, or intervention credibility.

6. Conclusions

In conclusion, SCP neurofeedback was associated with successful
acquisition of cortical self-regulation, while endocrine responses
appeared to be primarily driven by re-exposure or habituation to the
competitive setting rather than by training-specific effects. The uncor-
rected HRV analyses suggested that, at Tournament 2, the training group
showed higher gameplay LF, HF, TP, and RMSSD than controls, whereas
several HRV indices decreased in the control group. However, these
group-related physiological findings did not remain statistically
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significant after FDR correction for multiple comparisons and should
therefore be interpreted as exploratory. Similarly, the correlation ana-
lyses suggested that endocrine and autonomic measures varied differ-
ently across groups at re-exposure, but these associations were
preliminary and did not provide confirmatory evidence of training-
related physiological integration. Importantly, the observed physiolog-
ical responses and associations did not translate into significant im-
provements in putting performance. Given the pilot design, modest
sample size, limited power, multiple endpoints, lack of sham control,
absence of respiration monitoring, and no direct measures of corti-
cal-autonomic mechanisms during performance, the present findings
should be considered hypothesis-generating. Future studies should use
larger samples, preregistered primary outcomes, active or sham-control
conditions, correction for multiple testing, respiration monitoring, age-
and skill-adjusted analyses, and direct measures of cortical activity or
connectivity to determine whether SCP training is capable of producing
reliable changes in physiological responses and sport performance.
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