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A B S T R A C T

Optimizing sport performance demands a nuanced understanding of the dynamic interaction between the person, the task, and the environment. Within the 
framework of the Multi-States theory, the integration of brain-body data informs emotion- and action-centered self-regulatory strategies by uncovering the psy
chophysiological dynamics that characterize proficient information processing and superior performance effectiveness. This theoretical and practical approach offers 
the opportunity to track athletes’ performance states and implement real-time adjustments, while it could also support the development of interventions and training 
regiments that are individualized and task-specific. We also argue how brain-body-behavior technologies could be combined within virtual mixed or augmented 
environments to support the transfer of perceptual-cognitive-motor skills from lab-based interventions into real-world performance outcomes. We argue that such 
measures offer unique, objective windows into performance states and self-regulation skills, particularly in ecologically valid settings. We further discuss current 
trends and challenges that surround the use of technology in performance optimization interventions within the field of sport psychology, and we propose that future 
augmented technologies should strive to develop AI-driven brain-body-behavior data analytics to combine objective pattern recognition with subjective experiential 
insight, urging the next generation of sport psychologists to shift from reactive to proactive approaches to performance optimization to better align current applied 
practices with the complex dynamics of sport performance. Finally, we argue that research lines investigating team dynamics and e-sport performance are especially 
well-positioned to benefit from this integrative approach.

1. Introduction

The understanding of the link and the integration among mind, body, 
and behavior in sport psychology has advanced through cutting-edge 
technologies and theoretical approaches. Central to these de
velopments is a growing emphasis on assessing the dynamic interaction 
among person, task, and environment for performance optimization, 
highlighting the interplay among different systems (Bertollo et al., 2020, 
pp. 666–693). One of the main challenges in sport psychology is un
derstanding how distributed brain processes support natural, 
goal-directed behavior in dynamic, real-world settings. Athletes 
continuously adapt their actions to fulfil performance goals within 
complex, rapidly changing environments that involve interaction, 
cooperation and competition with teammates and opponents. For 
instance, the framework of embodied cognition has become increasingly 
influential, highlighting that cognitive functions are deeply rooted in 

sensorimotor processes evolved to optimize action outcomes in 
three-dimensional space. This perspective is critical for advancing our 
understanding of how cognitive and neural mechanisms contribute to 
skilled performance, decision-making, and adaptability in sport.

Moreover, current technologies offer powerful tools for monitoring 
and regulating affective and emotional states in sport, enabling real-time 
feedback and personalized interventions. Specifically, augmented tech
nologies — any technology that enhances human capabilities using 
devices, software, and systems that combine human and machine in
telligence — can help athletes enhance emotional control, optimize 
arousal levels, and improve performance under pressure. Currently, 
comprehensive psychophysiological and behavioral assessment and 
intervention enables athletes to develop self-regulation strategies that 
support optimal performance states, even under competitive pressure 
(di Fronso et al., 2020). To this purpose, Bertollo and colleagues (2020, 
pp. 666–693) suggested extending Makeig and colleagues’ (2009)
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perspective on Mobile brain/body imaging (MoBI) to integrate a 
multimodal and multidimensional approach to performance optimiza
tion, which leverages synchronized streams of 
brain-body-behavior-environmental data.

The convergence of sport psychology and technology fosters a syn
ergistic approach to performance optimization by integrating psycho
physiological approaches with advanced technological tools (Siekańska 
et al., 2021). Specifically, this integration supports. 

1. The identification and monitoring of brain-body signals that char
acterize individual performance profiles (i.e., individual zones of 
optimal functioning, IZOF, Hanin et al., 2016), providing insights 
into athletes’ psychophysiological functioning (Bertollo et al., 2021);

2. The development of personalized interventions designed to enhance 
the cognitive architecture of movement (Schack & Frank, 2021) and 
action- or emotion-center regulation strategies in sport contexts 
(Ruiz et al., 2020, pp. 3–17);

3. The improvement of the ecological effectiveness of training inter
vention, ensuring that learned strategies are effective and sustain
able in real-world competitive environments (Teques et al., 2017).

This integration underscores the idea that technology and sport 
psychology are complementary, with conceptual and theoretical 
frameworks guiding the development of theory- and evidence-based, 
individualized, and context-sensitive strategies that aim at optimizing 
athletic performance, and that are both scientifically rigorous and 
practically effective in sport environments (Siekańska et al., 2021).

The psychological foundation underpinning these integrated ap
proaches is self-regulation, as suggested in the Multi-States (MuSt) 
theory (Ruiz et al., 2020, pp. 3–17). The MuSt theory builds on previous 
models, including the Multi Action Plan (MAP; Kellermann et al., 2024a; 
Robazza et al., 2016) and the IZOF model. The MuSt perspective en
hances the effectiveness of the interventions by emphasizing the 
importance of underlying psychobiosocial states for improving psycho
physiological efficiency. Enhanced self-regulation allows athletes to 
develop skills to modulate key psychophysiological states – such as 
cardiac deceleration to support attentional focus or fostering neural 
adaptability to facilitate flow-like states – thereby optimizing perfor
mance (di Fronso et al., 2020). Furthermore, personalized training ap
proaches allow for interventions tailored to the athlete’s and 
sport-specific needs, such as neurofeedback protocols to enhance 
motor cortex activation in precision sports (e.g., shooting), or heart rate 
variability (HRV) training that promote stress resilience in dynamic 
team sport environments (Christie et al., 2020). Specifically, the work by 
Bertollo and colleagues (2020, pp. 666–693) on brain technologies, 
together with Schack’s research on cognitive structures (Schack & 
Frank, 2021), collectively emphasize how technologies serve as a bridge 
across mental, physiological, and behavioral domains and highlight 
their interdependence in performance optimization approaches.

The integration of the aforementioned frameworks forms a holistic 
ecosystem for athletes’ development. Modern brain-body and behav
ioral technologies translate these theoretical foundations into applied 
practice, enabling athletes to achieve psychophysiological coherence, 
enhance mental representations, and adapt dynamically to performance 
and environmental demands. This synthesis underscores the evolution 
of sport psychology into a tech-integrated, interdisciplinary science, 
where brain, body, and behavior are optimized through empirically 
grounded innovation.

While a wide array of technologies has contributed meaningfully to 
the study of the interplay between brain, body, and behavior, in the 
following sections we focus specifically on a selection of technologies 
that exemplify the integration of technological advancements into sport 
psychology research and practice, including electrophysiological mea
sures, wearables, virtual reality, bio-neurofeedback, and cognitive- 
motor training setting the stage for the development of augmented 
technologies as the new leading-edge concept in sport psychology. In the 

following sections, we provide an overview on how technology can 
support the development of individualized, ecologically valid, and 
effective interventions for performance optimization. Accordingly, we 
categorize technologies based on their primary impact (conscious that 
many of them can have multiple secondary impact) on either optimizing 
performance efficiency (i.e., enhancing cognitive control, neural 
adaptability, and resource management) or improving performance 
effectiveness (i.e., achieving peak performance in competitive and 
training environments).

2. Technology to identify and monitor optimal performance

2.1. Electroencephalography to assess neural proficiency

Recent advances in neuroscience and biotechnology have provided 
valuable insights into the relationship between brain dynamics and sport 
performance (Holmes & Wright, 2017). Yet, many neuroimaging tech
niques (e.g., functional magnetic resonance imaging; fMRI), remain 
impractical for sport settings due to methodological constraints, while 
others, such as functional near infrared spectroscopy (fNIRS), have yet 
to reach a large implementation in practice (Perrey, 2022). Conversely, 
electroencephalography (EEG) can track neural activity in real time, 
making it particularly well-suited for the dynamic demands of sport 
performance research (Filho et al., 2021; Marino & Mantini, 2024).

At the cortical level, neural proficiency refers to an effective mini
mization of neural effort in response to environmental and task demands 
(Bertollo et al., 2016). Several EEG-based markers have been associated 
with proficient athletic performance (Cheron et al., 2016), with power 
modulations across specific bands reflecting distinct neural processes 
(Beste et al., 2023). For instance, event-related desynch
ronization/synchronization (ERD/ERS) in the theta band (4–8 Hz) over 
medial frontal sites has been associated with adaptive resource alloca
tion during the preparatory stages of skilled movement (Kao et al., 2013; 
Yu et al., 2024) and sport-specific tactical decision-making (Kanatschnig 
et al., 2025). Similarly, alpha (8–13 Hz) ERS over left-temporal regions 
during motor preparation has been interpreted as reflecting the inhibi
tion of task-irrelevant cognitive processing (Chueh et al., 2023; Gallic
chio et al., 2017).

EEG methodologies provide a means of assessing the neural pro
cesses underlying psychological skills training (PST). Indeed, both 
action-centered and emotion-center coping strategies may be informed 
by cortical correlates of mental imagery and emotion regulation to 
support more controlled performance states (Budnik-Przybylska et al., 
2021; Chen et al., 2019).

Functional connectivity, typically quantified as the statistical 
dependence between EEG signals at different cortical sites (Marino & 
Mantini, 2024), offers another lens into performance-related neural ef
ficiency. For instance, in self-paced sports (e.g., rifle shooting), elite 
performance has been associated with lower alpha-band coherence be
tween left-temporal (T7) and mid-frontal (Fz) regions (Parr et al., 2021; 
Raman & Filho, 2024). This is consistent with reduced conscious control 
and increased automaticity during skilled motor preparation (Cheng 
et al., 2023; Wang et al., 2020). Elevated anxiety levels, however, may 
reverse this pattern (Lo, Sheng, & Liu, 2019), potentially implicating this 
pathway in mechanisms underlying choking under pressure (Raman & 
Filho, 2024). Still, several authors have cautioned against overly 
simplistic interpretations, noting the nuanced and, sometimes, 
non-linear relationship between alpha activity and sport performance 
(Parr et al., 2021). Furthermore, di Fronso et al. (2018) found that 
distinct patterns of inter-hemispheric beta (13–30 Hz) coherence be
tween central sites (i.e., C3 and C4) emerged in response to increasing 
effort demands, with higher levels of coherence observed during 
dysfunctional (i.e., Type 3) performance states as compared to func
tional (i.e., Type 1 and Type 2) states.

Event-related potentials (ERPs) offer a complementary approach to 
studying efficient neural processing in athletes, particularly through 
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expert-novice comparisons (between-subject effects) or within-subject 
longitudinal designs. ERPs reflect neural activity that is time- and 
phase-locked to an event or stimulus of interest (Marino & Mantini, 
2024), making them particularly well-suited for investigating 
sport-related brain activity. ERP studies have examined a range of 
performance-related cognitive and motor functions, including cognitive 
and motor preparation and inhibition, and motor execution, as well as 
stimulus detection, evaluation, and response selection (Li & Smith, 
2021; Schmidt-Kassow & Kaiser, 2023).

Despite advances in EEG methodology, translating laboratory find
ings into competitive sport environments remains a challenge (Perrey & 
Besson, 2018). It is still unclear to what extent sport-related cognitive 
enhancements observed in lab-based tasks generalize to real-world 
performance (Broadbent et al., 2015). In this regard, mobile and wire
less EEG systems offer a promising approach for improving ecological 
validity while preserving data quality (Chang et al., 2022). However, 
their application in dynamic sport environments remains constrained by 
their susceptibility to movement-related and environmental noise 
(Chang et al., 2022). Technical advancements in software and hardware 
are gradually overcoming these limitations (Wang et al., 2019), and the 
integration of mobile EEG within virtual environments may allow re
searchers and sport psychologists to identify and monitor athletes’ 
optimal performance states in more ecological, yet controlled, scenarios.

In this context, EEG represents a powerful tool for examining ath
letes’ neural proficiency, particularly in distinguishing when superior 
performance is characterized by more effortful cognitive control or more 
automatic, fluent processing. This is crucial for understanding how 
athletes transition between conscious regulation and proficiency, sup
porting the identification and monitoring of optimal performance states 
(Bertollo et al., 2016; Ruiz et al., 2020, pp. 3–17; Kellerman et al., 
2024b).

2.1.1. EEG-ECG interaction: heart-brain relationship in self-regulation
Readying the head and steadying the heart is compulsory for un

derstanding cortical and cardiac contribution in the action preparation 
in sport (Cooke, 2013). Among the various investigations that study the 
body-mind relationship (e.g. connectivity) in sport, interoceptive signals 
may inform the identification and monitoring of functional psycho
biosocial states underpinning optimal performance (Ruiz et al., 2020, 
pp. 3–17). The heartbeat evoked potential (HEP), an ERP time-locked to 
the R-wave of the ECG, is considered a neural marker of interoception (i. 
e., how the nervous system senses, interprets, and integrates internal 
bodily signals) (Khalsa et al., 2018), and it is thought to reflect cortical 
processing of cardiac signals (Park & Blanke, 2019; Pollatos & Schandry, 
2004).

Action-based decision-making relies heavily on evaluating predictive 
sensory consequences (McMorris, 2020; McMorris et al., 2018). For 
example, submaximal exercise may lead to cognitive fatigue and a 
reduced sense of available resources due to increased demands for 
self-regulation (McMorris, 2020), highlighting the potential contribu
tions of interoceptive processing in athletes’ appraisals of 
performance-related resource-demands (Ruiz et al., 2020, pp. 3–17). 
Moreover, elite athletes show higher interoceptive sensibility, accuracy, 
and awareness than recreational athletes and controls (Zeng et al., 
2025), while sport-specific differences in interoceptive awareness and 
self-regulation skills were reported in sprinters and distance runners 
(Seabury et al., 2023). In light of the evidence, HEPs may serve as a 
valuable marker for studying top-down control of sensory processing 
and self-regulation, particularly in fatigue or sustained pacing scenarios 
(Park & Blanke, 2019), due to its association with interoceptive atten
tion (Hodossy et al., 2021; Petzschner et al., 2019).

However, the standardization of HEP measures remains a challenge, 
with studies showing mixed findings about its relationship to physical 
activity and training (Yoris et al., 2024; Zeng et al., 2025). This points to 
the need for objective indexes, such as HEPs, to complement subjective 
interoceptive assessments for performance optimization (Tanaka et al., 

2025).

2.1.2. EEG-EMG connectivity and coherence
Another powerful approach to understanding the mechanisms un

derlying self-regulatory processes is cortical-muscular coupling. One 
measure of brain-muscle communication is cortico-muscular coherence 
(CMC), which is thought to reflect the activity of sensorimotor networks 
during dynamic movements and sustained isometric contractions (Peng 
et al., 2024). Specifically, CMC assesses the functional coupling between 
the cortex and muscles through the integration of cortical (EEG) and 
muscular (EMG) signals to provide insights into the cortico-muscular 
dynamics of motor control (Liu et al., 2019).

Since CMC appears to be influenced by performance-related factors, 
such as fatigue (Liang et al., 2021) or dynamic shifts in attentional focus 
(Parr et al., 2023), it may provide insights into athletes’ ability to adapt 
to ongoing performance demands, informing training interventions 
aimed at improving movement efficiency (Parr et al., 2023).

As CMC provides insight into the efficiency and adaptability of 
sensorimotor networks during voluntary movement, it offers a prom
ising approach to address emerging challenges in network physiology 
and neuro-rehabilitation (Peng et al., 2024). In sport contexts, CMC can 
be used to monitor and tailor training interventions by identifying 
optimal brain–muscle coordination patterns that support efficient 
movement under varying performance demands (Liang et al., 2021; Parr 
et al., 2023), thus informing potential transitions between deliberate 
control and automaticity (Ruiz et al., 2020, pp. 3–17). Moreover, CMC 
may inform targeted strategies for rehabilitating disrupted 
cortico-muscular pathways following injury, and may help track re
covery (Peng et al., 2024).

2.2. Wearable devices

Wearable devices allow for ecological, real-time streaming of 
external and internal loads, elucidating transitions between functional 
and dysfunctional performance states, translating theory into practice 
(Düking et al., 2021; Impellizzeri et al., 2019; Sargent et al., 2015).

Li and colleagues (2016) categorized wearables into three groups: (1) 
movement sensors, such as accelerometers, gyroscopes, and Global 
Positioning System (GPS); (2) physiological sensors, monitoring vari
ables like heart rate (HR), HRV, and body temperature; (3) integrated or 
multimodal sensors combining both. Movement sensors provide metrics 
such as total running distance, sprinting distance, and number of ac
celerations, helping sport staff evaluate external load – for instance, 
checking running metrics after a soccer match (Curtis et al., 2020; Fer
guson et al., 2023). Conversely, physiological parameters such as HRV 
provide insight into an athlete’s autonomic and metabolic reserves, 
helping in the assessment of states from tapering (functional) to 
under-recovery or overtraining (dysfunctional) (Balk & De Jonge, 2020; 
Michael et al., 2018). Integrated sensors deliver both kinematic and 
physiological data into a single dashboard, enabling a more holistic load 
management and providing rapid feedback (Altini & Amft, 2016).

Contemporary wearable technologies can also be differentiated by 
their temporal reference. Continuous and immediate monitoring relies 
on high-frequency inertial measurement units, GPS, accelerometers, 
chest strap HR monitors, and wrist-worn sensors to stream second-by- 
second data during drills or competition (Li et al., 2016). This 
real-time stream allows practitioners to adjust training load, tactics, or 
rest intervals based on real-time data. For instance, substituting a player 
when sprint number reaches the predefined threshold, helps him recover 
better the next day (Curtis et al., 2020). Moreover, motion capture suits 
(clusters of accelerometers) show not just the quantity but also the 
quality of the movement, translating “how much” into “how well”. 
These wearables capture performance markers with good precision 
giving coaches reliable kinetic and kinematic fingerprint of an athlete 
specific skills (Chen et al., 2025; Debertin et al., 2024). Deep learning 
models can now predict behavioural outcomes and movement 
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kinematics, anticipating athlete’s performance and status (Chen et al., 
2025; Pinelli et al., 2025). However, constant exposure to self-tracking 
data may have unintended psychological consequences, potentially 
shifting athletes toward dysfunctional states by fostering excessive 
self-monitoring and over-control (Guppy et al., 2023; Ruiz et al., 2020, 
pp. 3–17).

Wearables are also employed for longitudinal monitoring, recording 
data over extended periods for individualized comparisons (Russell 
et al., 2023). New generation wrist-, ring- and chest-worn devices 
integrate movement and physiological sensors, flagging declines in 
self-regulation before performance slips (Altini & Amft, 2016). Such 
monitoring maintains control over acute performance status and miti
gates chronic risks such as under-recovery, non-functional overreaching, 
overtraining, and burnout balancing demands and resources (Addleman 
et al., 2024; Ruiz et al., 2020, pp. 3–17). In this context HRV data are 
used to fine-tune training loads (Kaikkonen et al., 2011), as its fluctu
ations can identify fatigued states in athletes (Schmitt et al., 2015). 
Düking and colleagues (2021) showed that HRV-guided endurance 
training outperformed fixed training programs, improving sub-maximal 
performance (e.g. time-to-exhaustion and time-trial tasks) by 2–5 %. 
Overnight actigraphy integrated with skin-temperature and HRV rep
resents a valid tool to quantify recovery debt, accounting for cumulative 
physical and psychological strain (de Zambotti et al., 2023; Sargent 
et al., 2015). Mobile smart-glass systems allow real-time monitoring of 
where, when and in what order athletes focus their attention. Its longi
tudinal employment within training increases athletes’ ability to 
exclude non-relevant targets, focusing mostly on core components of 
performance (Wilson et al., 2018). The afterwards comparison with 
performance models helps in fine-tuning the quiet-eye routine, pre
venting mindless automation that could undermine performance within 
high pressure-scenarios.

Merging multimodal data into coaching platforms and cloud- 
dashboards increase clarity and interpretation, helping coaches in 
adjusting training intensity, preventing imbalances between stress and 
recovery (Russell et al., 2023). New-generation algorithms integrating 
actigraphy, HRV, skin temperature, and respiration generate ecologi
cally valid stress-recovery indices that outperform traditional models in 
early dysfunction detection and that can be used by sport psychologists 
to implement intervention strategies (de Zambotti et al., 2023). Indeed, 
by combining sleep, GPS, and mood data, machine learning engines can 
predict athletes’ transitions from functional to dysfunctional perfor
mance states, allowing training load management to prevent chronic 
overload – especially during congested periods (Altini & Amft, 2016).

Despite technological advancements, challenges remain regarding 
measurement accuracy and the generalizability of models. Wrist-based 
photoplethysmography (PPG) has been shown to be susceptible to 
posture- and gender-related biases (Dobbs et al., 2019). Moreover, al
gorithms are predominantly developed and validated on endurance 
sport, underperforming when applied to other sport profiles (Dobbs 
et al., 2019). The selection of physiological metrics also matters for 
accurate interpretation. The low-frequency to high-frequency ratio (LF: 
HF), may underestimate sympathetic load during hard efforts, as fast 
breathing and near-total vagal withdrawal blunt LF power. Conversely, 
rMSSD rebounds quickly once vagal tone returns, potentially masking 
residual sympathetic activation (Michael et al., 2018). Therefore, pair
ing a vagal index such as Ln-rMSSD with a sympathetic marker provides 
a more reliable recovery assessment (Michael et al., 2018).

Measurement itself can introduce unintended drawbacks. Constant 
alerts may prompt excessive self-monitoring and over-control 
commonly associated with dysfunctional performance states (i.e., Type 
3 in MAP model). Moreover, the physical presence of wearable devices 
such as suites, chest straps or adhesive patches can add proprioceptive 
distraction, particularly in precision sports (Guppy et al., 2023). 
Addressing these issues requires sport-specific validation studies, 
transparent algorithms, and athlete-centered consent. Robust ethical 
frameworks must safeguard privacy while enabling timely 

interventions, ensuring that both acute- and long-data streams can be 
leveraged to effectively optimize performance effectiveness and pro
cessing efficiency (Goodyear, 2017).

3. Technology to develop personalized interventions for optimal 
performance

3.1. Bio-neurofeedback

Biofeedback (BF) and Neurofeedback (NF) function as closed-loop 
systems, in which real-time physiological signals are continuously 
recorded, digitally processed to extract relevant features, and presented 
to the user via visual, auditory, haptic, or electrical stimulation (Sitaram 
et al., 2017). When an individual’s psychophysiological and/or neural 
activity approaches or reaches predefined thresholds or configurations, 
immediate positive feedback is delivered to reinforce the targeted states. 
In BF, the translation of peripheral physiological signals into sensory 
feedback enables users to acknowledge and modulate autonomic and 
somatic functions, such as cardiac (e.g., HRV), electrodermal (EDA), 
respiratory (belt) and muscle (e.g., via electromyography, EMG) activity 
(Bolek et al., 2017; Gevirtz et al., 2017). On the other hand, NF focuses 
on brain-derived signals, most commonly EEG oscillations, but also fMRI 
blood-oxygenation levels or Near-Infrared Spectroscopy (NIRS) hemo
dynamic measures, which are fed back to reinforce particular neural 
configurations (Sitaram et al., 2017). Thus, BF and NF rely on principles 
such as associative learning, Hebbian plasticity, and reinforcement 
learning (Ros et al., 2014; Sitaram et al., 2017). Through these condi
tioning mechanisms, individuals are offered access to volitional control 
over autonomic (Pagaduan et al., 2020), motor (Onagawa et al., 2023), 
cognitive and affective functions (Gruzelier, 2014), which highlights the 
potential of Bio-Neurofeedback (BNF) for enhancing pivotal skills in 
sports performance.

Over the past three decades, a growing body of research has explored 
the use of BNF across different sports. For instance, studies imple
menting NF have reported positive results in rifle shooting performance 
(Rostami et al., 2012), golf putting (Cheng et al., 2015), dynamic bal
ance (Maszczyk et al., 2018), and cycling endurance (Mottola et al., 
2021). Promising effects have also been observed after BF training in 
serve accuracy of junior elite tennis players (Galloway, 2011), dance 
performance in collegiate dancers (Raymond et al., 2005), and in 
reducing anxiety levels in professional athletes of multiple sports 
(Pusenjak et al., 2015). By bridging laboratory-based neurophysiology 
and psychophysiology with real-world athletic demands, BNF can offer a 
practical, athlete-centered means to cultivate psychophysiological 
self-regulation under competitive pressure, standing out as one of the 
most ecologically valid and performance-oriented interventions for 
developing both performance effectiveness and efficiency (Bertollo 
et al., 2016).

Ongoing technological innovations are advancing the implementa
tion of BNF across diverse performance contexts. The evolution of 
wearable sensors (see paragraph 2.2) and portable EEG headsets has 
enabled in-situ recording (Park et al., 2015), paving the way for a deeper 
understanding of sport-specific physiological profiles and characteristics 
unique to optimal athletic performance states (Bertollo et al., 2016; 
2020, pp. 666–693; Ruiz et al., 2020, pp. 3–17). Crucially, the combi
nation of wireless technologies and cutting-edge online artifact rejection 
techniques further supports the feasibility of delivering immediate ac
curate and individualized feedback, even during movement 
(Butkevičiūtė et al., 2019). Additionally, the use of adaptive algorithms 
powered by machine learning holds great promise for enhancing 
training efficacy by tailoring BNF interventions to the unique profile of 
each athlete and optimizing session parameters such as frequency, 
duration, and progression (Haotian et al., 2023). A new frontier for 
increasing the practical relevance and inclusion of such interventions in 
traditional training protocols lies in the integration of multiple signal 
sources into the closed loop. This allows for the simultaneous recording 
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and feedback of cortical (EEG), autonomic (HRV) and somatic (EDA, 
EMG) parameters (Christie et al., 2020; Shokri & Nosratabadi, 2021). On 
the stimulation side, innovations in feedback modalities are moving 
beyond traditional screen-based visual and auditory formats, which 
typically require users to remain still, thereby limiting their engage
ment. Immersive environments, particularly those employing virtual 
reality (see section 4), are gaining attention for their potential to 
enhance engagement, replicate realistic competitive scenarios, and 
thereby improve learning transfer and facilitate state-dependent 
learning (for a review, see Kober et al., 2024). While still in an early 
stage of application, future BNF applications in sports are expected to 
prioritize portability, individualization, and ecological validity.

Despite growing interest in BNF and promising results from several 
experimental studies, sports professionals may be hesitant about 
adopting emerging technologies embedded with such interventions 
without solid empirical foundations. Evidence for BNF’s effectiveness as 
a valid and reliable tool for enhancing performance remains inconclu
sive, primarily due to methodological limitations. Research on BF in 
sports remains constrained by a relatively small number of rigorous 
experimental trials, and the vast majority of studies have focused 
exclusively on HRV (Pagaduan et al., 2020), leaving other modalities, 
such as EMG, EDA, and respiratory feedback, largely underexplored. 
Recent systematic reviews and meta-analyses on NF have identified a 
strong need for studies that meet the following criteria: (a) double-blind 
design, (b) large sample size, (c) randomized sham-controlled method
ologies, (d) standardized and pre-registered protocols, and (e) longitu
dinal follow-ups to isolate the specific effects of NF, establishing its 
efficacy and dose-response relationships, and to assess both the reten
tion of self-regulation skills and their transfer to real-world sport con
texts (Mirifar et al., 2017; Yu et al., 2025). Researchers are encouraged 
to adopt the CRED-nf checklist to improve study design, reporting 
clarity, and to mitigate publication bias (Ros et al., 2020). At the same 
time, the complex and dynamic demands of sports performance are not 
yet matched by sufficiently tailored and high-precision neuro
modulation approaches. The work of Cheron et al. (2016) represents a 
noteworthy step forward in the identification of EEG biomarkers of su
perior athletic performance. Their review represents an important 
contribution towards grounding NF-based interventions in 
sport-relevant neurophysiological evidence and provides a foundational 
framework for the development of more individualized and 
context-specific protocols. When implemented within empirically 
grounded and methodologically rigorous study designs, emerging 
technologies can serve as critical assets in optimizing 
performance-oriented BNF protocols, enhancing both their specificity 
and effectiveness in applied sports contexts (Bertollo et al., 2020, pp. 
666–693).

In summary, BNF research in sports performance offers athletes a 
promising avenue for the development of psychophysiological and 
neurophysiological self-regulation techniques. Nevertheless, contem
porary research should address methodological heterogeneity and con
trol limitations to yield robust and generalizable results suitable for 
applied settings. Through advanced wearable technologies, AI-driven 
personalization, and sport-specific evidence-based research practices, 
BNF holds the potential to evolve into a scientifically grounded and 
practically valuable component of integrated performance optimization 
programs.

3.2. Cognitive-motor training

Cognitive-motor training (CMT) refers to structured training pro
tocols that integrate both cognitive and motor functions under varying 
task and environmental constraints (Katanić et al., 2020). These training 
protocols engage both low-order (e.g., inhibition, shifting, updating, and 
attention) and high-order (e.g., planning, problem solving, and 
decision-making) executive functions (EFs; Diamond, 2013) within 
sport-specific motor activities (Badau et al., 2022; Vater & Strasburger, 

2021). Applications span several sports, including basketball (Silvestri 
et al., 2023), soccer (Casella et al., 2022), tennis (Forni et al., 2021), and 
judo (Campanella et al., 2024). Implemented in emotionally and socially 
dynamic contexts, CMT engages both “cool” (i.e., socio-emotionally 
decontextualized) and “hot” (i.e., socio-emotionally contextualized) 
EFs, offering a more integrated alternative to traditional, decontex
tualized cognitive trainings (e.g., computer-based training). As an 
action-centered self-regulation strategy that does not neglect the 
emotional dimension, CMT emphasizes the real-time interaction be
tween perception, cognition, and action (Tomporowski & Pesce, 2019), 
aligning with the MuSt theory’s holistic framework grounded in the 
interplay between the individual, task, and environment.

While the foundational principles of CMT do not necessarily require 
technology (Moreira et al., 2021), its integration with technological 
tools is increasingly common to enhance the effectiveness and precision 
of training. In practice, CMT often includes dual-task exercises and 
reaction-based drills using sensor-based systems in real-world scenarios, 
where athletes make rapid decisions during complex motor actions 
(Badau et al., 2022). This tech-supported approach allows for quanti
tative monitoring of performance metrics (e.g., reaction times, move
ment accuracy, and decision-making speed; Hassan et al., 2022; Katanić 
et al., 2020) and may enable real-time tracking of critical variables (e.g., 
effort and fatigue levels, attentional focus), providing insights into how 
athletes respond to CMT stimuli and when adjustments are needed to 
optimize performance (Di Martino et al., 2024). The CMT approach is 
also increasingly implemented within virtual or augmented reality en
vironments (see section 4). Crucially, CMT protocols can be tailored in 
difficulty to match the demands of the sport (Heilmann et al., 2022), as 
well as the athlete’s individual role and the unique cognitive-motor 
challenges it entails (Chiu et al., 2020).

CMT is particularly advantageous as it reflects the inseparable nature 
of cognition and action in sport (Voigt & Raab, 2024), aligning with 
current perspectives that reject mind-body dualism (for an integrated 
analysis in movement science, see Pesce & Tocci, 2024). While often 
rooted in a cognitivist perspective, where movement is considered as the 
outcome of internal cognitive representations and planning processes 
(Schack & Frank, 2021), CMT strengthens these processes through 
structured, measurable drills. This focus directly supports one of the 
MuSt theory’s key pillars: the mental encoding of core action compo
nents. Importantly, CMT does not oppose embodied and 
ecological-dynamic theories. While emphasizing cognitive engagement, 
its embodied, embedded, and extended structure also aligns with ap
proaches that consider performance as emerging from the continuous 
athlete-task-environment interaction (Araújo et al., 2020). This dynamic 
interplay is another cornerstone of the MuSt theory, where environ
mental factors, task demands, and personal characteristics jointly shape 
appraisal and performance. These elements are also essential for skill 
acquisition and expertise development (Renshaw et al., 2019). There
fore, CMT offers a hybrid approach that integrates internal cognitive 
functions with externally driven, context-sensitive demands to support 
holistic athletic development and optimal performance.

Given its properties, CMT serves not only as a tool for performance 
optimization, but also as a promising strategy to address current chal
lenges in assessment, injury prevention, and rehabilitation in sport. 
These areas have traditionally prioritized motor components, and only 
recently have begun to acknowledge the role of cognitive functions 
(Piskin et al., 2022). This reductionist approach overlooks the complex, 
real-time interaction between perception, cognition, and action that 
defines sport performance. CMT addresses this gap by embodying and 
embedding cognitive demands within ecologically valid motor tasks. 
This makes it well-suited for ecological assessment (Hooper et al., 2022; 
Hornikova et al., 2021; Verschueren et al., 2019), for reducing injury 
risk through enhanced attentional control and dual-task management 
(Clark et al., 2020), and for rehabilitation processes that aim to 
re-establish disrupted cognitive-motor pathways (Brinkman et al., 
2020). These benefits are particularly relevant during return-to-play 
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phases, where true functional readiness is more critical than just phys
ical recovery (Piskin et al., 2022).

In light of the evidence discussed, CMT emerges as an effective and 
flexible strategy for enhancing performance effectiveness, particularly 
within Type 2 states described by the MuSt theory (Ruiz et al., 2020, pp. 
3–17). It does so by improving proficiency efficiency – performing 
complex tasks with fewer cognitive and physical resources (Bertollo 
et al., 2016). This increased efficiency may also indirectly facilitate the 
emergence of automatic, flow-like Type 1 states (Bertollo et al., 2016; 
Ruiz et al., 2020, pp. 3–17). In fact, while flow is defined by the absence 
of executive control and conscious monitoring (Nakamura & Csíks
zentmihályi, 2002), it depends on a high level of expertise developed 
through extensive deliberate practice (Zentgraf & Raab, 2023) and 
supported by robust EFs and attention (Brimmel, Edwards, & Vaughan, 
2024). By improving EFs and cognitive-motor integration, CMT reduces 
cognitive load and increases the probability of transitioning from 
controlled (Type 2) to more automatic and efficient (Type 1) perfor
mance states. At the same time, it may help prevent dysfunctional Type 
3 and disengaged Type 4 states, associated with stress, distraction, and 
loss of control, by promoting self-regulation and situational awareness. 
This makes CMT a powerful and integrative tool for supporting the 
multidimensional nature of sport performance as conceptualized by the 
MuSt theory.

4. Improving the ecological effectiveness of lab-based 
interventions through augmented, mixed and virtual reality

In the context of sport, the results of systematic explorations of the 
mechanisms underlying optimal performance – as well as the ecological 
validity of performance optimizing interventions – may be limited by 
laboratory-based approaches, which confound the real-world applica
bility of lab-based results (Stone et al., 2018). For example, laboratory 
settings, as much as they allow for a systematic control of confounding 
variables, may fail at recreating environments that mimic ecologically 
valid sensory experiences that directly influence the variables of interest 
(Trpkovici et al., 2025). In this context, augmented (AR), mixed (MR) 
and virtual reality (VR) allow for the creation of environments that can 
be tailored to the specific needs of the user, even when they are 
intrinsically complex, such as in pilot samples and surgeon training 
(Michalski et al., 2019). VR is a “visual-based computer simulation of a 
real or imaginary environment” (Craig, 2013, p. 164). Moreover, AR 
refers to a technology that overlays computer-generated images onto the 
real world (Berryman, 2012), while MR extends this by enabling inter
action between real and virtual environments (Rauschnabel et al., 
2022). Finally, using controllers or a hand-recognizing system, immer
sive Virtual-Reality (i-VR) allows athletes to interact with the environ
ment, enhancing the level of perceived immersion (Mocco et al., 2024). 
To make that possible, two different hardware components are avail
able: the more popular – the Head Mounted Display (HMD), a visor 
display that places two small screens, or a single screen that renders two 
separate images before the eyes, and the Cave Automatic Virtual Envi
ronments (CAVE) which consists of multiple large screens rendered from 
the point of view of a participant with head tracking (Rebenitsch & 
Owen, 2016).

The integration of cameras on HMD permits the overlay of computer- 
generated information onto the real world (i.e., AR) (Berryman, 2012). 
Recently, interest has been growing toward immersive technologies 
such as VR and AR in sport contexts, gaining attention from both athletes 
and coaches (Neumann et al., 2018). One of the main reasons behind this 
interest is its applicability in tailoring artificial environments according 
to athletes’ needs and objectives. This flexibility opens many opportu
nities to use VR as a tool to boost psychological skills and consequently 
increasing sport performance.

Among the multitude of applications, VR is particularly suitable to 
work on performance-related subjective experiences, such as stress and 
anxiety. For instance, Stress Inoculation Training (SIT) involves gradual 

exposure to stressors, with the goal of increasing an individual’s resil
ience to stress over time (Trpkovici et al., 2025). In this sense, the 
concepts of immersion and sense of presence become crucial. The former 
refers to the technical quality of the environment; while the latter is 
related to the subjective experience of “being there” (Slater, 2003). 
Thanks to these features, VR allows for a more ecological reproduction 
of stressful sport situations characterized by time pressure, unexpected 
events, close scores with opponents, and even environmental factors like 
adversarial spectators (Ruiz et al., 2020, pp. 3–17). All these virtual 
components may trigger stress and anxiety responses similar to those 
experienced during actual competitive scenarios (Stinson & Bowman, 
2014; Trpkovici et al., 2025). This being considered, VR represents a 
versatile tool to train athletes’ ability to self-regulate emotions by 
simulating ecologically valid experiences. These simulations allow for 
controlled manipulations of environmental factors that may negatively 
influence the appraisal of the balance between task demands and per
sonal resources (Ruiz et al., 2020, pp. 3–17), thereby emphasizing the 
utility of individualized VR-based interventions, such as SIT.

Besides emotional regulation, immersion and the sense of presence in 
VR approaches are pivotal to cognitive processes, such as decision- 
making. Indeed, a previous study suggests that higher levels of immer
sion – such as those provided by HMDs compared to traditional flat 
screens – can positively influence decision-making processes and visual 
search behavior even in non-interactive interventions like video stimu
lation (Fortes et al., 2021).

VR usage has also proven to be effective for the training of motor 
skills, especially regarding the open-skills transfer to real-world contexts 
(Michalski et al., 2019). Accordingly, a VR-based training intervention 
was shown to improve table tennis performance (Michalski et al., 2019), 
as well as motor skill acquisition in precision sports (e.g., darts; Tirp 
et al., 2015) Moreover, these results in motor skill transfer are especially 
prominent in inexperienced athletes (Tirp et al., 2015), suggesting that 
VR-based interventions may be particularly valuable to accelerate 
skill-learning in novices.

Beyond VR, MR places virtual objects in the real world, similarly to 
AR, but with the possibility to interact with these objects (Le Noury 
et al., 2022). The potential of this technology is represented by the 
possibility of putting virtual objects or even virtual non-playable char
acters (NPC) inside a real-world environment, such as a lab or a gym, to 
recreate a competitive situation, but in a hybrid reality (Adams et al., 
2020). A major advantage of AR/MR is greater freedom of movement, as 
users can still see the real world while wearing the headset.

VR integrated eye-tracking system enable not only the analysis, but 
also the training of attentional processes leveraging a bottom-up 
mechanism, gradually modifying stimuli toward functional states. 
Indeed through real time analysis and modulation of fixation, saccades 
and accommodation, athletes can improve their focus ability functional 
components excluding dysfunctional afferences (Pastel et al., 2023).

Despite the applicability and advantages of VR technology in sports 
contexts, some challenges remain, especially regarding its effective 
integration in athletes’ training routines. The efficacy of VR largely 
depends on the “sense of presence” (Slater, 2003), which is influenced 
by both individual and hardware-related factors (Weech et al., 2019). 
Among the individual factors, awareness of the equipment (Weech et al., 
2019) and a person’s propensity for immersion (Weibel et al., 2010) are 
especially important. On the other hand, the quality and resolution of 
the display, the level of interaction within the virtual environment, and 
the synchrony between athletes’ actions and the system’s visual re
sponses all shape the user’s experience. As such, hardware and software 
components play a critical role in determining the overall effectiveness 
of the intervention (Slater & Usoh, 1993).

Another relevant barrier to the use of VR is cybersickness, a condi
tion characterized by symptoms similar to motion sickness, such as 
nausea, headache, and dizziness (Stanney et al., 1997). Its onset remains 
unpredictable, and not all individuals experience it during VR exposure 
(Weech et al., 2019), highlighting individual differences in susceptibility 
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(McCauley & Sharkey, 1992). Sensory mismatch (e.g. uncoupling be
tween afferent information from VR environment and proprioception) 
appears to be one of the main contributing factors (Rebenitsch & Owen, 
2016). Additional factors include display characteristics (Moss & Muth, 
2011) and gameplay experience (Weech et al., 2019). Finally, cyber
sickness is also negatively associated with the sense of presence gener
ated by VR (Weech et al., 2019).

While ongoing technological developments will likely enhance both 
software and hardware, overcoming current barriers may require more 
than just technical improvements alone. Specifically, implementing 
screening protocols that account for personal and social characteristics – 
such as equipment awareness and immersion propensity – could help to 
mitigate challenges related to sense presence. Similarly, screening for 
susceptibility to motion sickness may be an effective strategy for pre
venting or minimizing the impact of cybersickness in VR applications. 
Finally, an AI-integrated approach within VR environments may help to 
identify and address these challenges, thereby unlocking the full po
tential of VR for sport performance optimization.

5. Future directions

5.1. Toward more intelligent, adaptive systems

Psychological, physiological, task-related and environmental con
straints all interact to determine performance outcomes. Therefore, the 
study of performance optimization requires an interdisciplinary inte
gration of multimodal and multidimensional approaches (Bertollo et al., 
2020, pp. 666–693; Glazier, 2017). So far, technology has served as a 
powerful means to acquire objective assessments of athletes’ perfor
mances profiles, uncovering the underlying mechanisms and idiosyn
cratic states that characterize and support processing proficiency and 
performance effectiveness. Moreover, advancements in mobile and 
wearable systems have assisted in ever more ecological monitoring of 
psychophysiological and behavioral variables, while the advent of vir
tual, mixed, and augmented environments suggest a smoother transfer 
of skills from lab-based interventions to real-world competitive 
outcomes.

Nonetheless, the future of performance optimization may not be 
determined solely by our capacity to develop new technologies, but it 
should achieve a meaningful integration with more traditional theo
retical and practical approaches to inform functional performance states 
and successful interventions to achieve them. Moreover, a multimodal 
and multidimensional perspective on the interaction of brain-body- 
behavior with task and environmental constraints (Glazier, 2017) 
highlights the interdependence among these systems. This perspective 
frames sport performance as a multidimensional, emergent property, 
which requires an interdisciplinary, rather than a unidimensional, 
mono- or multidisciplinary approach (De Fano et al., 2025; Glazier, 
2017). Within this framework that encompasses psychological, physio
logical, task-related, and environmental factors, the integration of 
multimodal technologies helps to identify, monitor, and potentially 
predict functional or dysfunctional states, offering insights that can 
inform real-time or preventive intervention strategies.

5.2. Enhancing Machine–Machine and Human–Machine communication

To enable such integration, future research and practice must 
enhance machine–machine communication (e.g., synchronization of 
multiple data streams, optimal sampling frequencies) and human
–machine interaction (e.g., the combination of machine learning outputs 
with expert interpretation). Moreover, different professionals must join 
their forces and work together via a mixed-method and interdisciplinary 
culture to predict qualities of athletes’ behavior combining human and 
artificial intelligence (Raab et al., 2023). Artificial Intelligence (AI) 
holds particular promise in sport performance, synergically working in 
support of humans’ efforts to classify, recognize, and analyze optimal 

performance (Araújo et al., 2021). The development of novel 
machine-learning algorithms based on brain-body-behavior data may 
detect subtle patterns that emerge from the integration of psychophys
iological and performance metrics, potentially supporting the prediction 
of successful performance and preventing injurious ones (Van Eetvelde 
et al., 2021). Moreover, AI-enhanced technology may proactively sup
port functional states through individualized and task-specific reactive 
action- and emotion-centered strategies (Chidambaram et al., 2022).

5.3. Group dynamics and E-sports

The integration of brain-body-behavior data may be especially im
pactful in the study of non-verbal interpersonal interactions and, more 
specific to sport contexts, team dynamics (De Fano et al., 2025; Filho, 
2023). Whether the interaction requires mutual coordination between 
individuals or is defined by independent actions that share a common 
goal, the intrinsic link between brain-body-behavior has inspired in
vestigations of the underlying functional brain interconnections occur
ring between individuals during cooperation or competition (De Fano 
et al., 2025). In this regard, the implementation of novel hyper-scanning 
techniques may capture the neural and physiological dynamics under
pinning optimal performance states not only in individual athletes, but 
in teams, too (Filho, 2023).

E-sports could also represent a promising avenue for implementing 
comprehensive performance optimization approaches (Beres et al., 
2023). Indeed, the digital nature of the sport introduces a series of 
unique sets of emotionally-charged stimuli, which can be related to 
technical or interpersonal factors (Kou & Gui, 2020; Pedraza-Raminez 
et al., 2020). Considering the crucial role that emotional control plays in 
e-sport performance (Beres et al., 2023), the implementation of 
brain-body-behavior technologies in e-sport contexts could inform the 
development of action- and emotion-centered regulation strategies, 
highlighting new practical pathways for training and performance 
optimization in highly ecological settings.

5.4. Reducing the research-practice gap

The transfer of lab-based results into real-world outcomes should be 
the final goal of sport psychology research that strives to optimize per
formance. Through mobile and wearable technologies we can study 
optimal performance in ever more ecologically valid settings (Park et al., 
2015): on the court, in the ring, or on the field. In this context, the 
integration of psychophysiological approaches with virtual/mix
ed/augmented environments can further enhance ecological validity 
with experimental control.

6. Conclusion

Performance optimization in sport lies in the synergistic integration 
and augmentation of technologies to support functional performance 
states (Bertollo et al., 2020, pp. 666–693). Augmented technological 
approaches may collect multimodal data that can be utilized with 
AI-driven algorithms recognize psycho-physiological whole-system 
patterns that characterize functional or dysfunctional states. Practi
tioners may further integrate the resulting output with subjective ex
periences to provide comprehensive and adaptive feedback to the 
athletes. This shift—from static performance metrics to dynamic, indi
vidualized state management—has the potential to be the next step to 
achieve a better understanding of, train, and support optimal 
performance.
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