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Abstract

Background. Real-time decision-making is a critical determinant of performance in precision, explosive, and
intermittent sports, where athletes must operate under high physiological and cognitive stress. Autonomic
dysregulation can impair attentional control and decision accuracy, highlighting the need for integrated interventions
that simultaneously address physiological regulation and cognitive readiness. Advances in wearable optical heart
rate (OHR) sensors offer new opportunities to support such interventions through real-time physiological feedback.
Objectives. This study aimed to examine the effects of integrating box breathing techniques with wearable OHR
sensor feedback on real-time decision-making performance and heart rate quality in athletes from precision
(woodball), explosive (badminton), and intermittent (basketball) sports.

Materials and Methods. A quasi-experimental pre-test—post-test control group design was employed. Sixty-six male
athletes (age: 21.3 + 1.8 years) were randomly assigned to an experimental group (n = 33) or a control group (n = 33).

The experimental group completed an 18-session (6-week) box breathing program integrated with real-time OHR
monitoring, while the control group followed routine training. Decision-making performance was assessed using a validated
sport-specific computerized test, and heart rate quality was measured via wearable OHR sensors. Data were analyzed using
paired-sample t-tests and two-way mixed-design ANOVA (group x time) at a = 0.05, with effect sizes reported.

Results. The experimental group demonstrated significant improvements in decision-making performance

(3.43 £ 0.42 to 4.48 + 0.39; +30.59%; p < 0.001; Cohen’s d = 1.96) and heart rate quality, reflected by a reduction

in resting heart rate (111.13 + 8.76 bpm to 97.76 + 7.94 bpm; —12.03%; p < 0.001; Cohen’s d = 1.57). Substantial

time X group interactions were observed for decision-making (F(, ¢, = 121.08, p < 0.001, partial n*> = 0.65) and heart
rate quality (F(, 54 = 78.92, p < 0.001, partial n* = 0.55). No meaningful changes were found in the control group.
Conclusions. The findings indicate that integrating box breathing with real-time wearable OHR feedback produces
large and considerable enhancements in both decision-making performance and physiological regulation compared
with routine training alone. This feedback-supported breathing intervention represents a scalable, low-cost, and
evidence-based strategy to optimize cognitive and autonomic readiness across different sport contexts.

Keywords: box breathing, wearable sensors, optical heart rate, decision-making, sports performance.

Introduction disciplines categorized as precision (e.g., woodball, archery),
explosive (e.g., badminton, sprinting), and intermittent
(e.g., basketball, soccer), performers must rapidly perceive
cues, select among alternatives, and execute motor
responses with high accuracy; failures in any stage can
cost points or matches (Zeng et al., 2024). Because these

Decision-making in sport is a pivotal skill that often
determines competitive outcomes, especially when athletes
must act under time pressure and physiological strain. In

©  Kusuma, A. I, Rosmi, Y. F, Ariani, L. P. T, decisions occur in milliseconds-to-seconds windows, both
& Utamayasa, L. G. D., 2026. cognitive processing and bodily regulation are integral to
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responses exert a direct influence on cognitive functions
relevant to decision-making, including attention, working
memory, and inhibitory control. Elevated sympathetic
activation—common in competitive contexts—can narrow
attentional scope and degrade the speed-accuracy balance
required for optimal decisions (Montembeau et al., 2024a).
Consequently, interventions that modulate autonomic state
have the potential to produce measurable gains in on-field
decision quality.

Recent advances in wearable technology have made
continuous physiological monitoring feasible in real-world
sporting environments. Optical heart rate (OHR) sensors
embedded in wrist-worn fitness trackers provide noninva-
sive, high-frequency cardiac measures that can be collected
during training and competition with minimal disruption
(Indra Kusuma et al., 2020). Such devices offer coaches and
athletes near-real-time insight into arousal, recovery, and
stress profiles, enabling data-informed adjustments to train-
ing loads and pre-performance routines. Despite their practi-
cal advantages, OHR sensors have limitations that researchers
and practitioners must acknowledge. Signal accuracy can be
affected by motion artifacts, sensor placement, and device al-
gorithms—factors particularly relevant during high-intensity
or highly dynamic movements (Montembeau et al., 2024b).
Nonetheless, when validated devices and robust data-pro-
cessing protocols are used, OHR-derived metrics (e.g., heart
rate variability, stabilized resting heart rate) can meaningfully
index autonomic regulation relevant to decision-making.

Complementary to technological monitoring, breath-
ing-based techniques—such as box breathing—offer a sim-
ple, low-cost means to influence autonomic balance and
cognitive control. Box breathing uses structured inhale-
hold-exhale-hold cycles that tend to increase vagal tone
and reduce sympathetic dominance, yielding improvements
in attentional focus and stress resilience reported across
clinical and performance contexts (Softi¢ et al., 2024). For
athletes, brief, repeatable breathing routines can be deployed
pre-competition or between plays to restore composure and
optimize readiness. The synergy between physiological
monitoring and behavioral regulation (i.e., closed-loop bio-
feedback) is conceptually compelling: wearable OHR sen-
sors can provide immediate feedback about the physiologi-
cal effects of breathing exercises, while structured breathing
can be adjusted in response to sensor data to achieve tar-
geted autonomic states. Early work on biofeedback and
wearable-guided interventions suggests that coupling objec-
tive metrics with self-regulation practices accelerates skill
acquisition and promotes transfer to competitive scenarios
(Sunstrum et al., 2025). However, empirical tests of this in-
tegrated approach within sport-specific decision-making
contexts remain sparse.

Most prior investigations have examined either wearable
monitoring (for load and recovery management) or breath-
ing interventions (for stress reduction) in isolation, often
within single sports or laboratory tasks (Marchant et al.,
2025). There is a clear gap in the literature regarding whether
a combined protocol—box breathing guided by OHR feed-
back—produces additive or synergistic benefits for real-time
decision-making across varied sport types (precision, explo-
sive, intermittent). Addressing this gap has both theoretical
value (linking autonomic regulation to cognition in applied
settings) and practical utility for coaches seeking scalable

performance tools. This study therefore tested whether a
six-week program that pairs box breathing with wearable
OHR monitoring improves athletes’ real-time decision-
making and heart-rate-related quality metrics more than
conventional training alone. Specifically, we (1) examined
pre—post changes in decision-making ability and heart rate
quality in an experimental group that received the interven-
tion, (2) compared those changes with a matched control
group performing standard club training, and (3) evaluated
effects across three sport categories (woodball, badminton,
basketball) to probe generalizability. We hypothesized that
the integrated intervention would produce statistically and
practically meaningful improvements in both cognitive and
physiological outcomes relative to control.

By combining contemporary wearable monitoring
with a low-cost behavioral technique, this research aims to
contribute an applied, evidence-based protocol that coaches
and practitionerscanadoptquickly. Ifsuccessful, theapproach
provides a template for closed-loop, athlete-centered training
that simultaneously targets bodily regulation and decision-
making performance—an integration that can help bridge
sport science innovations with everyday coaching practice.

Materials and Methods

Research Design

This study adopted a quasi-experimental design with
pre-test and post-test control groups. The independent
variable was box breathing training with OHR monitoring,
while the dependent variables were decision-making
performance and heart rate quality.

Participants

A total of 66 male athletes voluntarily participated in
this study, representing three sport typologies: woodball
(precision sport; n =22), badminton (explosive sport; n =22),
and basketball (intermittent sport; n = 22). Participants were
randomly allocated to either an experimental group (n = 33)
or a control group (n = 33).

Participant Characteristics

Descriptive characteristics of the participants are
summarized as follows:

o Age:21.3 + 1.8 years.

o Height: 171.6 + 5.9 cm.

o Body mass: 66.8 £ 6.7 kg.

All athletes had a minimum of three years of structured
training experience in their respective sports and were
actively training at least three sessions per week at the time
of data collection. Participants were classified as regional-to-
national level athletes, defined as having competed regularly
in regional championships and/or having experience in
national-level competitions or qualification events organized
by official sport federations.

Training Experience and Competitive Level

Participants’ training background indicated sustained
involvement in organized sport systems. On average,
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athletes reported 3-7 years of continuous competitive
training, with coaching supervision and participation in
official tournaments. Woodball athletes primarily competed
at regional and inter-provincial levels, while badminton and
basketball athletes included both regional and national-
level competitors, ensuring a performance level appropriate
for decision-making assessment under competitive sport
conditions.

Inclusion Criteria

Athletes were included in the study if they met all of the
following criteria:

o Male athletes aged 18-25 years.

« Actively training in woodball, badminton, or bas-
ketball.

o Minimum three years of formal training experience.

 Regular training frequency of > 3 sessions per week.

o Free from musculoskeletal injury within the previous
three months.

o Not participating in any psychological, breathing-
based, or physiological enhancement interventions
during the study period.

Exclusion Criteria

Athletes were excluded if they met any of the following
conditions:
o History of cardiovascular disease or clinically
diagnosed heart conditions.
o Presence of respiratory disorders or breathing
limitations.
o Current use of medication affecting cardiovascular
or autonomic function.
« Incomplete participation or withdrawal from training
sessions during the intervention period.
A priori power analysis conducted using G*Power 3.1
(a0 = 0.05, power = 0.80, effect size f = 0.30) indicated a
minimum sample size of 60 participants for a mixed-design
analysis, confirming that the final sample size (n = 66) was
statistically adequate. All participants provided written
informed consent, and ethical approval was obtained from
the institutional review board.

Intervention Procedure

First, athletes were stratified by sport type, resulting in
three strata: woodball (n = 22), badminton (n = 22), and
basketball (n = 22). Within each stratum, participants were
randomly assigned to either the experimental group or con-
trol group using block randomization with a 1:1 allocation
ratio, ensuring equal group sizes (11 experimental and 11
control athletes per sport). The randomization sequence was
generated using the Microsoft Excel random number gen-
erator (RAND function). For each sport stratum, partici-
pants were assigned a random number, sorted in ascending
order, and then sequentially allocated to the experimental
or control group according to the predefined block struc-
ture. This procedure ensured a balanced distribution of sport
disciplines across groups, resulting in comparable composi-
tions of precision, explosive, and intermittent sport athletes
in both conditions. To reduce allocation bias, several safe-

guards were implemented. The randomization process was
conducted by a researcher not involved in data collection or
intervention delivery, and group assignments were finalized
prior to baseline (pre-test) measurements. Additionally, al-
location results were concealed from coaches and assessors
during the pre-test phase, thereby preventing expectancy
effects or differential treatment between groups. Outcome
assessors were not informed of participants’ group allocation
during data scoring to further limit bias. This structured ran-
domization approach enhanced internal validity by ensur-
ing group equivalence across sport types while maintaining
transparency and reproducibility of the allocation process.

Decision-making Test Description

The athletes’ real-time decision-making ability was
assessed using a sport-specific, computer-based decision-
making test designed to simulate competitive situations
in precision (woodball), explosive (badminton), and
intermittent (basketball) sports. The test comprised 30
randomized trials (10 visual, 10 auditory, and 10 combined
visual-auditory stimuli), with each stimulus presented
for 1.5-2.0 s followed by a 2 s response window, resulting
in a total testing duration of approximately 10-12 min.
Performance was calculated using a composite score (range
1-5) based on response accuracy (40%), reaction time (30%,
normalized so faster responses yielded higher scores), and
decision appropriateness (30%), reflecting tactical suitability
of the selected action. The instrument demonstrated strong
psychometric properties, with high test-retest reliability
(ICC = 0.89) and good internal consistency (Cronbach’s
a = 0.87). Content validity was confirmed through expert
evaluation by nine national-level coaches, yielding a content
validity index above accepted thresholds, and the protocol
was refined through pilot testing with 12 athletes (not
included in the main sample) to ensure clarity, feasibility,
and ecological validity.

OHR Sensor Technical Specifications

The wearable optical heart rate (OHR) sensor used in
this study was a commercially available wrist-worn device
(manufacturer and model specified in the study log),
equipped with photoplethysmography (PPG) technology
and a sampling frequency of approximately 25-50 Hz,
suitable for continuous monitoring during sport-related
movements. Heart rate signals were processed using
a proprietary adaptive band-pass filtering algorithm
integrated within the device firmware, designed to attenuate
high-frequency noise and baseline drift while preserving
beat-to-beat variability. The device incorporated motion-
artifact tolerance mechanisms, including multi-wavelength
optical sensing and accelerometer-assisted correction,
enabling reliable data capture during moderate-to-high
intensity movements typical of intermittent and explosive
sports. Validation testing conducted under controlled
conditions demonstrated strong concurrent validity against
electrocardiography (ECG), with a Pearson correlation
coefficient of r = 0.94, indicating high agreement between
OHR-derived heart rate measures and gold-standard ECG
recordings, thereby supporting the device’s suitability for
physiological monitoring in applied sport settings.
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Intervention Protocol

The intervention consisted of a six-week box breathing
training program integrated with real-time optical heart rate
(OHR) feedback, conducted three sessions per week for a total
of 18 sessions. Each session lasted approximately 25-30 min-
utes and included 8-10 controlled breathing cycles using a
standardized 4-4-4-4 pattern (inhale 4 s, hold 4 s, exhale
4 s, hold 4 s). Throughout each session, athletes continuously
wore the OHR device, and real-time heart rate feedback was
used to guide breathing pace, ensure physiological stability,
and adjust session flow when excessive heart rate fluctua-
tions were detected. The core breathing protocol was applied
uniformly across all sports; however, its contextual applica-
tion was sport-specific, with breathing performed prior to
precision tasks in woodball, before explosive drills in badmin-
ton, and during intermittent recovery phases in basketball,
thereby enhancing ecological validity without modifying the
fundamental intervention structure.

Data Collection

Two primary variables were measured:

1. Decision-making performance: assessed via sport-
specific situational tasks requiring rapid responses
in real time. The test consisted of randomized
visual-auditory cues followed by time-limited
action selection, simulating competitive conditions
appropriate for each sport. Athlete responses were
scored based on (a) response accuracy, (b) reaction
time, and (c) appropriateness of tactical choice.
Content validity was established through expert
review (three national-level coaches from each
sport), while test-retest reliability showed strong
stability (ICC = 0.89).

2. Heart rate quality: measured as resting heart rate
variability and stability, captured using OHR
wearable sensors. To ensure precision, only

sensors with proven motion-tolerance algorithms
and photoplethysmography accuracy were used.
The selected device demonstrated high reliability
compared with ECG recordings (r = 0.94) under
controlled testing conditions and low light-
interference response, which is critical for indoor
sport environments.

Data Analysis

All statistical analyses were performed using SPSS
version 25.0 (IBM Corp., Armonk, NY, USA), with the level
of significance set a priori at a = 0.05 (two-tailed). Data are
presented as mean * standard deviation (SD). Assumptions
of normality were examined using the Shapiro-Wilk test,
while Levene’s test was applied to verify homogeneity of
variances; all assumptions were satisfied (p > 0.05). Within-
group pre-post differences were analyzed using paired-
sample t-tests, and between-group effects over time were
examined using a two-way mixed-design ANOVA (group
x time). For all inferential tests, test statistics (t or F values),
degrees of freedom, exact p-values, and 95% confidence
intervals (CI) were reported. Effect sizes were calculated
using Cohen’s d for t-tests and partial eta squared (n?,) for
ANOVA, interpreted as small (d = 0.20, nzp =0.01), medium
(d = 0.50, n?, = 0.06), and large (d = 0.80, n?, = 0.14). No
missing data were observed, and all randomized participants
were included in the final analyses.

Results

Assumption Testing

Prior to hypothesis testing, data distribution and
homogeneity were examined. Shapiro-Wilk tests confirmed
that pre- and post-test scores for both dependent variables
(real-time decision-making ability and heart rate quality)

Table 1. Technical Specifications of the Wearable Optical Heart Rate (OHR) Sensor

Specification Category Description
Manufacturer Commercially available wearable technology manufacturer (specified in study log)
Device Model Wrist-worn optical heart rate monitoring device using photoplethysmography (PPG)

Sensor Technology
Sampling Frequency
Filtering Algorithm

Multi-wavelength photoplethysmography (PPG) with integrated accelerometer
Approximately 25-50 Hz (adaptive sampling based on movement intensity)

Proprietary adaptive band-pass filtering algorithm designed to reduce baseline drift and high-

frequency noise while preserving beat-to-beat variability

Motion-Artifact Tolerance

High motion-artifact resistance supported by accelerometer-assisted correction and multi-

wavelength optical sensing, enabling reliable measurements during moderate-to-high intensity

movement

Signal Processing
at firmware level

Measured Parameters

Validation Method
laboratory conditions

Validation Metrics

Suitability for Sport Context
movements

Real-time heart rate computation with artifact suppression and smoothing algorithms implemented

Heart rate (HR), heart rate stability, and resting heart rate quality indices
Concurrent validity testing against standard electrocardiography (ECG) under controlled

Strong agreement with ECG measurements (Pearson correlation coefficient r = 0.94)

Validated for use in applied sport settings, including intermittent, explosive, and precision sport
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Table 2. Summary of the Box Breathing Intervention Protocol Integrated with OHR Feedback

Intervention Component Description

Total Intervention Duration 6 weeks
Session Frequency 3 sessions per week
Total Number of Sessions 18 sessions
Session Duration

Breathing Technique
Breathing Pattern

Number of Breathing Cycles 8-10 cycles per session
Timing Within Training
Wearable Device Usage

Integration of OHR Feedback

Approximately 25-30 minutes per session
Box breathing (controlled cyclic breathing)
4-4-4-4 seconds (inhale - hold - exhale - hold)

Conducted during warm-up, pre-task preparation, or recovery intervals depending on sport type
Athletes continuously wore the OHR sensor throughout each session

Real-time heart rate feedback used to monitor physiological stability and guide breathing pace;

breathing was adjusted when excessive heart rate fluctuations were detected

Feedback Modality
Sport-Specific Application

Visual heart rate display on wrist-worn device (real-time)

Precision (woodball): before accuracy tasks; Explosive (badminton): before high-intensity drills;

Intermittent (basketball): during short recovery phases

Supervision

Sessions supervised by trained researchers to ensure protocol adherence

were normally distributed (p > 0.05). Levene’s tests indicated
homogeneity of variance across groups, as all significance
values exceeded 0.05. These results justified the use of
parametric procedures for subsequent analyses.

Pre—-Post Comparison Within Groups

At baseline, decision-making performance and heart
rate quality were comparable between groups. Following
the intervention, the experimental group demonstrated a
marked increase in decision-making performance and
a substantial reduction in resting heart rate, whereas the
control group showed no meaningful changes in either
outcome. The reduced standard deviations at post-test in
the experimental group further indicate more consistent
performance following the intervention.

For decision-making performance, the experimental
group showed a statistically significant improvement from
pre-test to post-test (t(32) = 11.27, p < 0.001, 95% CI [0.86,
1.24]), with a large effect size (Cohen’s d = 1.96, large). In
contrast, the control group demonstrated no significant
change (t;; = -0.18, p = 0.86, 95% CI [-0.08, 0.07]), with a
trivial effect (Cohen’s d = 0.03, small). For heart rate quality,
the experimental group exhibited a significant reduction
in resting heart rate following the intervention (tg, = 9.04,
p < 0.001, 95% CI [-16.5, -10.2 bpm]), corresponding to a
large effect size (Cohen’s d = 1.57, large). The control group
showed no meaningful change (t;, = -0.22, p = 0.83, 95% CI
[-1.8, 1.4 bpm]), with a negligible effect (Cohen’s d = 0.04,
small). Overall, these results indicate that the box breathing

Table 3. Pre- and Post-Test Descriptive Statistics (Mean * SD)

intervention combined with OHR monitoring produced
large and practically meaningful effects on both cognitive
(decision-making) and physiological (heart rate quality)
outcomes, whereas routine training alone did not yield
statistically or practically significant changes.

A two-way mixed-design ANOVA (group x time)
revealed a significant main effect of time for decision-making
performance, F ¢, = 128.41, p < 0.001, partial n*> = 0.67,
indicating an overall improvement from pre- to post-test.
The main effect of group was also significant, F, ¢ = 62.35,
p < 0.001, partial n* = 0.49, demonstrating higher overall
scores in the experimental group compared with the control
group. Crucially, a significant time x group interaction was
observed, F(; o) =121.08,p <0.001, partialn*=0.65, indicating
that improvements over time differed significantly between
groups, with substantial gains only in the experimental
condition. For heart rate quality, the analysis showed a
significant main effect of time, F, ¢4y = 81.76, p < 0.001, partial
n* = 0.56, while the main effect of group was not significant,
F(1, 65 = 2.14, p = 0.15, partial n* = 0.03. Importantly, the time
x group interaction was significant, F; ¢4y = 78.92, p < 0.001,
partial n* = 0.55, confirming that the reduction in heart rate
over time was specific to the experimental group. Collectively,
the large interaction effect sizes indicate that the intervention
had a strong and differential impact on both cognitive and
physiological outcomes beyond normal training effects.

Decision-making performance in the experimental
group increased significantly from 3.43 + 0.42 at pre-test to
4.48 + 0.39 at post-test (p < .001), indicating a substantial
absoluteimprovement following the intervention. In contrast,

Outcome Variable Group Pre-test (Mean + SD) Post-test (Mean + SD)
Decision-Making Performance (score 1-5) Experimental (n = 33) 343 +0.42 4.48 +0.39
Control (n = 33) 3.42 +0.45 3.41+0.46
Heart Rate Quality (bpm) Experimental (n = 33) 111.13 £8.76 97.76 +7.94
Control (n = 33) 110.34 £ 9.01 110.11 + 8.88
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Table 4. Two-way Mixed ANOVA Results for Decision-Making Performance and Heart Rate Quality

Outcome Variable Effect F(df) p-value Partial n* Effect Size
Decision-Making Performance Time F(1, 64) = 128.41 <0.001 0.67 Large
Group F(1, 64) = 62.35 <0.001 0.49 Large
Time x Group F(1, 64) = 121.08 <0.001 0.65 Large
Heart Rate Quality Time F(1, 64) = 81.76 <0.001 0.56 Large
Group F(1,64)=2.14 0.15 0.03 Small
Time x Group F(1, 64) = 78.92 <0.001 0.55 Large

Note. Effect size interpretation followed conventional thresholds for partial n* small = 0.01, medium = 0.06, and large > 0.14.

the control group showed no meaningful change, with scores
remaining stable from 3.42 + 0.45 to 3.41 + 0.46 (p = .86).
For heart rate quality, the experimental group demonstrated
a significant reduction in resting heart rate from 111.13 +
8.76 bpm at baseline to 97.76 + 7.94 bpm post-intervention
(p <.001), reflecting improved physiological regulation. The
control group exhibited no significant change, with heart
rate values of 110.34 + 9.01 bpm at pre-testand 110.11 + 8.88
bpm at post-test (p = .83).

Results Description Based on Graphs

Experimental Group - Decision Making

The experimental group graph illustrates a consistent
improvement in decision-making scores across nearly all
participants. Pre-test values ranged from 2.33 to 4.00, while
post-test scores increased to between 3.33 and 5.00. This
improvement highlights the tangible contribution of the
box breathing program combined with OHR monitoring to
athletes’ decision-making abilities in sport-specific contexts.

Experiment - Decision Making
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Decision Making Score
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Pre-test
o~ Post-test
Mean Pre-test (3.44)
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Participant No.
Fig. 1. Experimental Group - Decision Making

On average, decision-making scores in the experimental
group rose from 3.43 at pre-test to 4.48 at post-test, equivalent
to a 30.59% increase. This trend is clearly visible in the graph,
where participants’ post-test lines consistently lie above their
pre-test values. These findings confirm that the intervention
was not only effective for a subset of individuals but also
yielded positive effects across the entire group.

Experimental Group - Heart Rate Quality

The heart rate quality graph for the experimental group
shows a significant reduction from pre-test to post-test.
Before the intervention, the average resting heart rate was

111.13 bpm, which decreased to 97.76 bpm after six weeks of
training. This reduction indicates improved cardiovascular
regulation and greater physiological efficiency during activity.

Experiment - Heart Rate Quality
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Heart Rate (bpm)

£l 4 \<

80 Pre-test
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Mean Pre-test (111.13)
Mean Post-test (97.76)
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Fig. 2. Experimental Group - Heart Rate Quality

Individual data also revealed a uniform trend, with
nearly all participants experiencing a decline in heart rate
from pre-test to post-test. This suggests that box breathing,
when combined with OHR feedback, effectively reduced
cardiac workload and balanced autonomic responses. As
a result, athletes were better able to maintain an optimal
physiological state to support decision-making performance.

Control Group — Decision Making

For the control group, the decision-making graph
showed relatively stagnant results from pre-test to post-test.
The average score changed only slightly, from 3.42 to 3.41,
reflecting a minimal decline of -0.29%. This suggests that
routine training without the additional intervention of box
breathing and OHR monitoring had little to no impact on
decision-making ability.

Control - Decision Making

Mean Pre-test (3.43)
Mean Post-test (3.43)
9 -

Decision Making Score

0 5 10 15 20 25 30
Participant No.

Fig. 3. Control Group - Decision Making
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At the individual level, some participants showed minor
improvements, while others declined, though the variations
were inconsistent and non-systematic. This instability
implies that without additional cognitive and physiological
regulation strategies, enhancements in decision-making are
difficult to achieve through conventional training alone.

Control Group — Heart Rate Quality

The heart rate quality graph for the control group
indicates stable results between pre-test and post-test. The
average heart rate decreased only marginally from 110.34
bpm to 110.11 bpm, representing a negligible difference of
-0.21%. This outcome demonstrates that no meaningful
physiological changes occurred in the control group during
the study period.

Control - Heart Rate Quality
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Fig. 4. Control Group - Heart Rate Quality

Individual variations were random, with some partici-
pants showing slight decreases while others experienced in-
creases in heart rate. The absence of a clear trend reinforces
that routine training, without additional interventions, is
insufficient to alter the quality of cardiovascular responses
within a six-week timeframe.

Discussion

The results of this study indicate that integrating box
breathing with wearable optical heart rate (OHR) sensors
significantly improves both cognitive and physiological
outcomes in athletes. Specifically, decision-making scores
increased markedly in the experimental group, while heart
rate quality showed improvement through reduced beats
per minute. This study provides a novel contribution by
demonstrating that controlled breathing becomes more
effective when paired with real-time physiological feedback,
showing that athletes benefit not only from the intervention
itself but also from continuous monitoring of their
physiological state. This highlights a shift from traditional
breathing-only protocols toward feedback-supported
breathing strategies designed for performance settings.

Box breathing modulates autonomic activity by
reducing sympathetic drive and enhancing parasympathetic
responses, aiding attentional stability. However, unlike
previous research focusing solely on breathing effects, our
findings emphasize that performance gains were reinforced
through wearable feedback, helping athletes self-correct

during training. Previous work has emphasized the role of
slow-paced breathing in enhancing executive functioning,
aligning with these results, yet the present study extends
this body of knowledge by evidencing a dual behavioral-
technological mechanism that refines cognitive control
under stress.

From a physiological standpoint, reductions in heart
rate reflect improved autonomic regulation and resilience.
The addition of live heart-monitoring distinguishes this
intervention from standard relaxation techniques, as
awareness of heart rate changes encourages intentional
self-regulation during performance tasks. This resonates
with studies highlighting heart rate variability (HRV) as
an indicator of resilience and readiness, suggesting that the
intervention supported cardiovascular efficiency crucial for
sport performance.

The use of wearable OHR sensors amplified these
effects by providing athletes with continuous awareness of
physiological states. Unlike traditional monitoring tools,
OHR wearables provide real-time, non-invasive feedback
that can be directly applied in training. This aligns with (Li
et al., 2023), who reported that wearable devices enhance
training quality through immediate feedback loops. By
transforming physiological data into actionable cues, this
study demonstrates a personalization aspect of training
that moves beyond passive observation toward adaptive
performance regulation.

When considered together, the combination of box
breathing and wearable monitoring demonstrates a unique
synergy. Breathing supports physiological downregulation,
and sensors reinforce intentional self-monitoring, forming a
practicalloop thatactively shapesbehavior rather than merely
observing it. Findings by (Ahmed et al., 2021) similarly show
the value of biofeedback in training adaptations.

The observed improvements also have implications
across different sport typologies. For precision sports,
where calmness and accuracy are key, the intervention
enhanced focus and reduced tremors (Viegas et al., 2024).
In explosive sports, controlled arousal supported execution
under pressure, while in intermittent sports, the improved
regulation enabled sustained performance across varying
contexts. These varied effects emphasize that the combined
method is adaptable rather than sport-specific, highlighting
its applicability in multidimensional performance
environments.

Comparisons with earlier studies confirm consistencies
and extend current evidence (Sbrollini et al., 2024)
emphasized breathing and attention, while this study adds
that sensor-supported breathing yields measurable gains in a
relatively short intervention period (six weeks) (Kittel et al.,
2025). This aligns with flow theory, where balanced arousal
and attention lead to optimal performance (Baskar et al.,
2023).

In relation to sport psychology, the intervention supports
the dual-process model by improving athletes’ ability to shift
from impulsive to deliberate decision-making, consistent
with (Kanwal et al., 2022; Bonnechére et al., 2022). Unlike
long-term mindfulness programs, the results here show that
a short, structured, and technologically supported practice
can generate meaningful changes, diverging from the
extended formats common in ((Cardinal-Fernandez et al.,
2024; Schipke et al., 2022).
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The positive results suggest that even short, consistent
practices can yield benefits, but further comparisons are
needed to determine optimal durations and intensities for
different athletic populations.

Cultural and contextual factors may further shape
outcomes. Athletes from cultures with established breathing
traditions (e.g., yoga, tai chi) may perceive and adopt such
interventions differently than those unfamiliar with them
(Palm et al., 2022). Exploring these variations could provide
insights into how cultural familiarity influences adherence
and efficacy, expanding the applicability of the findings.
Importantly, the findings resonate with broader movements
in sport science emphasizing holistic training that integrates
physiological, psychological, and technological dimensions.
Traditional training often separates physical conditioning
from mental preparation, yet this study demonstrates the
added value of integrated approaches (Vagedes et al., 2021).
By embedding box breathing and wearable monitoring into
routine training, athletes may achieve more sustainable
performance gains (Martins Rodrigues et al., 2021).

Future directions should also explore how these
interventions interact with team dynamics. Decision-
making in team sports is not only individual but collective;
thus, integrating synchronized breathing practices or shared
biofeedback could foster team cohesion and coordinated
decision-making (Seleng et al., 2025). Initial studies in
this area suggest promising outcomes, warranting further
investigation. In conclusion, this study contributes to sport
science by demonstrating the synergistic benefits of box
breathing and wearable OHR monitoring in enhancing
decision-making and physiological regulation. While
limitations exist, the findings underscore the potential
of combining behavioral interventions with real-time
technology to support athlete performance. By bridging
cognitive and physiological domains, this integrated
approach offers a blueprint for holistic training strategies
that can be adapted across sports and competitive levels.

This study Novelty advances existing research by
demonstrating, for the first time, the synergistic effect of
integrating box breathing with real-time wearable optical
heartrate (OHR) feedback on sport-specific decision-making
performance across precision, explosive, and intermittent
sports within a single experimental framework. Unlike prior
studies that have examined breathing techniques or wearable
monitoring in isolation, the present work introduces a
closed-loop, feedback-supported intervention in which
physiological data actively guide behavioral regulation
during training. Moreover, the study extends the literature
by providing robust psychometric validation of a sport-
specific decision-making test, comprehensive statistical
transparency (including interaction effects and effect sizes),
and evidence that short-term, low-cost interventions can
yieldlarge, practicallymeaningful cognitiveand physiological
benefits beyond conventional training. Collectively, these
contributions position the study as a novel, applied model
for integrating sport psychology, physiology, and wearable
technology in performance-oriented training contexts

The present findings demonstrate that combining box
breathing with real-time optical heart rate (OHR) feedback
produces substantial improvements in decision-making
performance and physiological regulation, as evidenced by
large time X group interaction effects and marked absolute

pre—post changes in the experimental group. These improve-
ments are best explained by the intervention’s ability to stabi-
lize autonomic activity during cognitively demanding tasks,
rather than by broad stress-reduction mechanisms alone.
The observed reduction in resting heart rate, alongside en-
hanced decision accuracy and speed, suggests that feedback-
guided breathing enabled athletes to enter a more optimal
arousal state that supports rapid information processing and
action selection under sport-specific conditions.

Unlike conventional breathing interventions that rely on
subjective self-regulation, the integration of OHR monitoring
provided continuous, objective feedback, allowing athletes to
adjust breathing cadence in real time. This feedback loop
likely accelerated the learning of effective physiological regu-
lation strategies, which explains why significant improve-
ments were observed within a relatively short intervention
period (six weeks). The absence of meaningful changes in the
control group further supports the interpretation that rou-
tine training alone is insufficient to modify decision-making
performance or cardiovascular regulation at this magnitude.

Importantly, the consistency of effects across precision,
explosive,andintermittentsportsindicatesthatthemechanism
underpinning the findings is domain-general autonomic
regulation, rather than sport-specific skill acquisition. By
improving the stability of physiological responses, athletes
were better able to allocate attentional resources and execute
decisions efficiently, directly aligning with the measured
outcomes. Thus, the retained theoretical explanation focuses
specifically on feedback-supported autonomic control as the
primary driver of the observed cognitive and physiological
gains, eliminating broader theoretical constructs that are not
empirically supported by the present data.

Limitations

Several limitations of the present study should be ac-
knowledged. First, the intervention duration was relatively
short (six weeks); although significant effects were observed,
longer intervention periods are required to determine the sus-
tainability and long-term transfer of the observed cognitive
and physiological improvements. Second, the sample consist-
ed exclusively of male athletes, which limits the generalizabil-
ity of the findings to female athletes and mixed-gender popu-
lations. Third, despite using validated devices, optical heart
rate (OHR) sensors are susceptible to motion artifacts during
highly dynamic movements, which may affect signal preci-
sion, particularly in explosive and intermittent sport contexts,
even though mitigation algorithms were applied. Fourth, the
study focused on performance and physiological outcomes
and did not include direct psychological measures such as per-
ceived stress, attentional control, or working memory, which
would have allowed a more comprehensive explanation of the
mechanisms underlying decision-making improvements. Fi-
nally, although athletes from different sport types (precision,
explosive, intermittent) were included to enhance ecological
validity, the study did not conduct sport-specific differential
analyses, thereby limiting conclusions regarding whether the
magnitude of effects differed across sport categories.

Practical Implications

The findings of this study provide clear guidance for coach-
es seeking to enhance athletes” decision-making and physi-
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ological regulation under competitive conditions. Coaches can
implement the box breathing + wearable optical heart rate
(OHR) protocol as a short, low-cost, and non-invasive training
module integrated into regular practice sessions. Specifically,
athletes can perform 8-10 cycles of 4-4-4-4 box breathing
while wearing OHR-enabled wrist devices during warm-up
phases, pre-competition routines, or recovery intervals be-
tween high-intensity drills. Real-time heart rate feedback al-
lows coaches and athletes to identify whether physiological
arousal has stabilized before engaging in cognitively demand-
ing tasks, such as tactical drills or decision-based simulations.

In applied settings, coaches may use OHR data to indi-
vidualize breathing duration and pacing, extending breath-
ing cycles for athletes who exhibit elevated heart rates or
shortening sessions once stabilization is achieved. For preci-
sion sports, breathing can be scheduled immediately before
accuracy-focused tasks; in explosive sports, it can be applied
prior to high-pressure execution drills; and in intermittent
team sports, it can be integrated during short recovery win-
dows to facilitate rapid physiological reset. Importantly, the
protocol does not require specialized laboratory equipment
or extensive psychological training, making it feasible for
implementation at club and regional levels. By systemati-
cally combining structured breathing with objective physi-
ological feedback, coaches can promote consistent arousal
regulation, improved decision quality, and greater training
efficiency within real-world sport environments.

Conclusion

This study demonstrates that integrating box breath-
ing with real-time optical heart rate (OHR) feedback pro-
duces statistically and practically significant improvements
in both cognitive and physiological performance compared
with routine training alone. Decision-making performance
in the experimental group increased from 3.43 + 0.42 to 4.48
+ 0.39, supported by a large time x group interaction effect
(F(1,64) = 121.08, p < .001, partial n> = 0.65), while no mean-
ingful change was observed in the control group. Similarly,
resting heart rate in the experimental group decreased from
111.13 + 8.76 bpm to 97.76 + 7.94 bpm, with a significant
time x group interaction (F(1,64) = 78.92, p < .001, partial
n* = 0.55), whereas the control group showed no signifi-
cant reduction. The consistently large interaction effect sizes
indicate that the observed improvements were attributable
to the intervention rather than to time or training effects
alone. Collectively, these findings confirm that a short-term,
feedback-supported breathing intervention can meaning-
fully enhance decision-making and autonomic regulation
across different sport contexts, providing an evidence-based,
scalable approach for performance optimization.
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CunHepria TeXHONOrii NOPTAaTUBHOIO AaTYMKa ONTUYHOro
BMMipIOBaHHA YacTOTU CepPLIEBNX CKOPOUYEHb Ta TeXHIKM
KBaZipaTHOro ANXaHHA NPU YXBaNeHHi pilleHb

y peXxumi peanibHOro 4acy B BUCOKOTOUHUX, WBNAKICHO-
CMNOBUX Ta iIHTEpBaNbHUX BUAAX CNOPTY

Amnrra Imppa Kycyma'ABCPE, SJuppika ®edpian Pocmi'APCPE,

Nyx Iyty Tyri Apiani**E°PE, I Tege Orapma Yramasica

1ABCDE

"YuiBepcurer Acouianii BunTesnis Pecrry6niku Inponesia «Ani Byana»

*YuiBepcurer ocitu [aHemna

ABTOpPCHKMIT BT A — Au3aitH gocmipkeHHs; B — 36ip ganux; C - crataHanis; D — migroroska pyxonucy; E - 36ip KOIITIB

Pedepar. Crarra: 11 c., 4 Tab1., 4 puc., 21 mKepeno.

OOrpyHTyBaHHA. YXBa/IeHHA pillleHb Yy PeXXKMMi peaTbHOTO Yacy € KPUTUYHUM BU3HAYaTbHUM YMHHUKOM Pe3y/IbTaTUBHOCTI

Y BUCOKOTOYHMX, MIBUJKICHO-CMIOBMX (BMOYXOBUX) Ta iHTepBa/lbHMX BUJAX CIHOPTY, A€ CHOPTCMEHN IIOBMHHI [ifATH B yMOBax
cmibHOro (i3ioNorivHOro Ta KOrHiTMBHOTO HaBaHTA)KEHH:A. BereraTmBHa HUCpeTy/IALlis MOXKe IIOTipIIyBaTyi KOHTPO/Ib YBaru Ta
TOYHICTD IPUITHATTS pillieHb, 10 MiIKPeCIoe HeoOXifHICTh 3aCTOCYBAHHS IHTETPOBAHNX 3aXO/IiB, SIKi OfHOYACHO CIPSIMOBaHI Ha
¢isionoriuHy perynAiiio Ta KOTHITMBHY TOTOBHICTb. JIOCATHEHHS Y rajTy3i TeXHOIOTII IOPTATUBHUX JATYMKIB J/I ONITUYHOTO BY-
MipIoBaHHA 4acToTy cepleBux ckopodeHb (OUCC) BinkpuBalOTh HOBI MOXXIMBOCTI IS MIATPMMKM TaKUX 3aXOZiB 3a JOIOMOTOI0
(hi3io/orivHOrO 3BOPOTHOTO 3B A3KY B PEXVMI peasbHOTO Yacy.
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ITini. MeTa 11bOro JOC/I/PKEHHs TI0/IATa/Ia y BUBYEHHI BIUIMBY iHTerpaliil TeXHiK KBaipaTHOro (KOpOOKOBOIO) AIMXaHHs 3 BII-
KopucTaHHAM nmopTaTuBHoro faryrka OUCC 3 PyHKIIi€I0 3BOPOTHOrO 3B’ 13Ky Ha epeKTUBHICTD YXBaJICHH PillleHb y peaIbHOMY
4aci Ta AKICTb CEpPLIeBOr0 PUTMY Y CIIOPTCMEHIB, AKi 3a/IMalOThC BUCOKOTOYHMMM (Bymb60m), mBuAKicHO-cymoBuMY (6aMiHTOH)
Ta iHTepBaIbHUMM (6acKeTOOM) BULAMU CIIOPTY.

Marepianu Ta MeToau. 3aCTOCOBAHO KBasieKCIIEpMMEHTAIbHMII IM3aiiH KOHTPO/IbHOI TPy i3 MPOBEJIEHHAM IIPETeCTy Ta
nocrrecty. HlictaecaT micTh ciopTcMeHiB-40/10BikiB (Bik: 21.3 + 1.8 poKy) 6y/10 pO3HOJi/IeHO 3a METOIOM paHAOMi3allil Ha eK-
HepUMeHTaIbHY IpyIry (n = 33) Ta KOHTponmbHY Tpymy (n = 33). ExcriepuMeHTanbHa TpyIa BUKOHYBana 18-ceciiiny (6-T1oKHEBY)
IIPOrpaMy 3a METOAMKOI KBaJIpaTHOTO JUXaHH4, iHTerpoBany 3 MoHiTopuHroM OYCC y pexxumi peabHOro yacy, Tofii AK KOHTP-
OJIbHA TPYIa JOTPUMYBanacsA CTaHAAPTHNUX TpeHyBaHb. EQeKTUBHICTb yXBajleHHA pillleHb OIiHIOBaIacA 3 BUKOPMCTAHHAM BaJli-
JOBAHOTO KOMIT I0TEPU30BAHOTO TECTY [l KOHKPETHOIO BUJY CIIOPTY, a SIKICTb CepLieBOro pUTMY BIUMIpIOBa/Iacs 3a JOIIOMOTIOI0
nopraruBHux garunkis OUYCC. [JaHi mpoaHani30BaHO 3 BUKOPUCTAHHIM t-KpuUTepilB /i MapHKUX BUOIpOK Ta [BOPAKTOPHOTO
AucHepciitHoro aHasisy sMilraHoro fusaitHy (rpymna X 4ac) Ha piBHi o = 0.05 i3 3a3Ha4eHHAM po3Mipis edekry.

Pesynbrati. ExcriepuMeHTaIbHa IpyIa IIPOJEMOHCTPYBala 3HAUHe NOIIIIIEHH ITOKa3HUKIB 1107j0 e(eKTMBHOCTI yXBa-
neHHs pimeHs (3 3.43 + 0.42 1o 4.48 £ 0.39; +30.59%; p < 0.001; d Koena = 1.96) Ta sIKOCTi ceprieBOro purMmy, 110 Bifo6pakamocs
y 3HIDKEHHI 4aCTOTH CeplieBMX CKOPOYeHb y cTaHi criokoro (Big 111.13 + 8.76 ya./xB mo 97.76 + 7.94 ynu./xB; —12.03%; p < 0.001;
d Koena = 1.57). Big3anaueHo icToTHi B3aeMopii Mi>k 4acoM Ta TPYIIOKO JIs1 yXBa/IEHHSA PillleHb (F(1,64) = 121.08, p < 0.001, yacT-
koBe 1* = 0.65) Ta sikocTi cepuesoro putmy (F(1,64) = 78.92, p < 0.001, yacTkoBe n> = 0.55). Y KOHTPOIbHIIT IPYIIi 3HAYYLIMX 3MiH
BUSIBJIEHO He OYI0.

BucnoBku. Pesynbraty OC/IiI)KEHHS CBijYaTh, IO IOEIHAHHA TEXHIKM KBa[PATHOTO IMXaHHSA 3 BUKOPUCTAHHAM II0PTaTHB-
Horo npuctporo OUCC 3 dyHKIiEI0 3BOPOTHOTO 3B’A3KY B PeXIMI PeabHOTO 4acy 3abesnedye iCTOTHe MOKpAllleHHs SIK edek-
TMBHOCTI yXBaJ/IeHHs pillleHb, TaK i (isiosoriunoi perysuii mopiBHAHO 31 CTaHZAPTHUMY TPeHYBaHHAMM. 3a3Ha4eHa iHTepBeHIIiA
METOAMKY AVMXAHHS 3 MiATPUMAHHAM (yHKIIIT 3BOPOTHOTO 3B SI3KY IIPECTABIAE COOO00 MaclITabOBaHY, OIO/PKETHY Ta HAYKOBO
0OIPYHTOBaHY CTpaTeTrio0 ONTUMi3allii KOTHITMBHOI Ta aBTOHOMHOI TOTOBHOCTI B Pi3HIX CIIOPTMBHIX KOHTEKCTAX.

KnrodoBi cnoBa: kBajipaTHe [UXaHH:A, HIOPTATUBHI JaTUYMKY, ONITMYHE BYUMipIOBaHHA YaCTOTY CepLieBUX CKOPOUEHb, yXBaJleH-
HA pillleHb, CHOPTUBHA Pe3y/IbTaTUBHICTb.
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