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Highlights

What are the main findings?

• Motor skill acquisition in sport emerges from the dynamic interaction of error-based,
reinforcement, and use-dependent learning mechanisms.

• The relative contribution of cerebellar, basal ganglia, and motor cortex changes across
the cognitive, associative, and autonomous phases of skill acquisition.

• Sport-induced neuroplasticity is supported by stage-dependent biochemical pathways,
including cerebellar LTD, dopaminergic corticostriatal plasticity, glutamatergic LTP-
like mechanisms, BDNF–TrkB signaling, and muscle–brain communication.

What are the implications of the main findings?

• Coaching strategies should be adapted to the learning phase, with explicit error-
focused feedback in early learning and more outcome-based, context-specific practice
in later stages.

• Sport-specific and environment-dependent neuroplasticity suggests that athletes
should train in performance-relevant contexts to optimize automatization and
skill robustness.

Abstract

Background/Aim: Motor skill acquisition is the foundation of athletic performance, from
the novice learning a new technique to the elite athlete executing complex movements
automatically under pressure. Although classical models have defined the neural sub-
strates of motor control—the cerebellum for error correction, the basal ganglia for action
selection, and the primary motor cortex (M1) for execution—emerging evidence suggests
that motor learning is the result of the dynamic interaction of multiple parallel processes
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rather than a linear hierarchy. This narrative review integrates classical neuroanatomical
knowledge with contemporary findings on multisite plasticity, with a particular focus
on sport-specific adaptations. Methods: We examined three core learning mechanisms
operating in parallel: error-based learning (cerebellar-dependent, driven by sensory pre-
diction errors), reinforcement learning (striatal-dependent, driven by reward prediction
errors and dopamine), and use-dependent learning (cortical-dependent, driven by mere
repetition). We also summarize the biochemical pathways supporting these learning pro-
cesses, including glutamatergic LTP-like cortical plasticity, cerebellar mGluR1–PKC–LTD
signaling, dopaminergic corticostriatal plasticity, BDNF–TrkB-dependent neurotrophic
mechanisms, growth-factor signaling, and exercise-induced muscle–brain communication.
Results: We then propose a spatiotemporal model in which the relative contribution of
each network shifts dynamically across the three stages of skill acquisition, from the early
cognitive/strategic phase to the late automatic phase characteristic of elite performance. At
the molecular level, these stage-dependent adaptations are supported by synaptic strength-
ening and weakening mechanisms, reward-dependent dopamine signaling, neurotrophic
and growth-factor-mediated remodeling, and peripheral metabolic/myokine signals that
modulate brain plasticity during training and recovery. Special attention is given to con-
textual and sport-specific adaptations, using the paradigmatic example of elite swimmers
who demonstrate enhanced short-interval intracortical inhibition (SICI) selectively in the
aquatic environment, reflecting long-term sport-induced neuroplasticity. Conclusions:
Understanding these dynamic network mechanisms has direct implications for coaching,
training periodization, and the development of targeted neuromodulatory interventions to
accelerate skill acquisition and optimize athletic performance.

Keywords: motor learning; cerebellar plasticity; basal ganglia; primary motor cortex; error-
based learning; reinforcement learning; use-dependent learning; cortical inhibition; elite
athletes; skill automatization; BDNF; dopamine; glutamatergic plasticity; muscle–brain
communication; neurovascular coupling

1. Introduction: From the Static Homunculus to the Dynamic
Athletic Brain

The ability to learn and execute complex movements is what sets elite athletes apart
from beginners. Whether it is a gymnast performing a flawless floor routine, a tennis player
executing a precise serve under pressure, or a basketball player controlling the ball without
looking while dribbling, these performances are the result of countless hours of training
that have reshaped the athlete’s brain [1]. But how does the nervous system transform a
difficult and laborious movement into an automatic, efficient, and robust athletic skill?

For decades, our understanding of motor control has been shaped by classical neu-
roanatomical models: the motor homunculus of Penfield, the pyramidal and extrapyra-
midal tracts, and the functional specialization of the cerebellum (error correction), basal
ganglia (action selection), and primary motor cortex (execution) [2–5]. These foundational
contributions provided an indispensable framework. However, as recently articulated [6,7],
this hierarchical and compartmentalized view is increasingly recognized as incomplete. The
central challenge lies not in understanding each component in isolation but in deciphering
how these components dynamically cooperate and compete across different phases of
learning [8,9].

Critically for the sport scientist, motor learning is not a linear transfer of control from
one brain region to another. Rather, it is a continuous, parallel, and weighted interplay
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of multiple learning systems operating across various spatial and temporal scales [10,11].
Moreover, the athlete’s brain exhibits contextual and sport-specific plasticity: neural adap-
tations that are tuned to the specific environment in which training occurs [12,13].

This narrative review has three aims, progressively oriented toward sport applications.
First, we briefly revisit the classical neuroanatomical substrates of motor control to establish
a common language for sport scientists. Second, we synthesize contemporary evidence
on three fundamental learning processes: error-based, reinforcement, and use-dependent
learning, and show how they operate in parallel during athletic training. Third and most
importantly, we propose an integrated, spatiotemporal model of network reorganization
and illustrate its implications for coaching, training periodization, and the optimization of
sport performance.

2. Methodological Approach
This narrative review aimed to integrate classical neuroanatomical knowledge with

contemporary evidence on the neurophysiological and biochemical mechanisms underly-
ing sport skill acquisition, with particular emphasis on error-based learning, reinforcement
learning, use-dependent plasticity, and sport-specific neuroplastic adaptations. To retrieve
eligible articles, a manual search was conducted on the following databases: PubMed,
Google Scholar, Scopus, and Web of Science. Articles published up to 31 December 2025
were considered, with no lower date limit. The search combined terms such as: “mo-
tor learning” OR “motor skill acquisition” OR “sensorimotor learning” OR “sport skill
acquisition” AND “neuroplasticity” OR “cortical plasticity” OR “cerebellar plasticity”
OR “striatal plasticity” AND “sport” OR “athlete” OR “exercise training” OR “coaching”
AND “error-based learning” OR “reinforcement learning” OR “use-dependent learning”
OR “cerebellum” OR “basal ganglia” OR “primary motor cortex” OR “dopamine” OR
“BDNF” OR “glutamate” OR “GABA” OR “LTP” OR “LTD”. This research was extended
by screening the reference lists of the selected articles. Articles were excluded when they
were not written in English, were not directly relevant to motor learning or sport-related
neuroplasticity, focused exclusively on non-motor cognitive processes, or did not provide
mechanistic, neurophysiological, biochemical, or applied information relevant to the aims
of the review. Two authors (PP and AA) conducted the literature search and ultimately
resolved disagreements about article inclusion through discussion with a third researcher
(AB). To identify duplicate studies, selected manuscripts from each database were loaded
into Mendeley (Mendeley Cite v1.69.3).

3. Classical Substrates of Motor Control: A Foundation for Sport
Before exploring dynamic network reorganization, it is essential to review the core

structures and circuits that constitute the motor system. These classical descriptions,
extensively covered in foundational textbooks, serve as the anatomical and physiological
basis for dynamic models (Figure 1).

3.1. From Motor Unit to Muscle: The Periphery

At the most elementary level, movement depends on the motor unit: a single alpha
motor neuron in the ventral horn of the spinal cord and all the muscle fibers it innervates.
Muscle fibers are classified into Type I (slow-twitch, oxidative, tonic) and Type II (fast-
twitch, glycolytic, phasic). Sport training differentially recruits these fiber types: endurance
sports predominantly engage Type I fibers, while power sports (sprinting, weightlifting)
recruit Type II fibers. The gamma motor system regulates spindle sensitivity, providing
crucial feedback for tonic postural maintenance, which is essential in sports requiring stable
body positions (e.g., archery, shooting, gymnastics) [14,15].
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Figure 1. Anatomical location and interconnection diagram of the three core learning mechanisms
(cerebellum–basal ganglia–M1).

3.2. Spinal and Brainstem Reflexes: The Automatic Foundation

The spinal cord contains reflex arcs that enable rapid, automatic responses [16]. The
stretch reflex (monosynaptic), exemplified by the patellar reflex, involves group Ia afferent
fibers, the primary sensory afferents of muscle spindles, which synapse directly onto alpha
motor neurons [17]. While often studied in isolation, in sport, these reflexes are continuously
modulated by supraspinal centers. For example, the muscle tone that maintains posture in
a ski jumper during flight or a surfer on a wave is sustained by a combination of spinal
reflexes and descending facilitatory inputs from the brainstem reticular formation and
vestibular nuclei [18,19].

3.3. The Cortex: Motor Maps and the Homunculus

The primary motor cortex (M1, Brodmann area 4), located in the precentral gyrus,
is classically considered the executive center for voluntary movement. The somatotopic
organization of the motor homunculus reveals that body parts are represented not pro-
portionally to their size but to the richness of their motor innervation. The hands, fingers,
and face occupy disproportionately large cortical territories, reflecting the need for fine,
independent control [20].

Crucially for sport, these maps are not static. In string players, the cortical representa-
tion of the left-hand fingers is expanded compared to non-musicians [21]. In elite athletes,
sport-specific cortical reorganization has been documented in tennis players [22], baseball
players [23], karateka [24], and basketball players [25]. This use-dependent plasticity is the
neural substrate of skill acquisition. Adjacent areas, the supplementary motor area (SMA)
and premotor cortex (PMC), are involved in motor planning, sequencing, and the selection
of actions based on sensory signals, all critical for complex sport movements [26].

3.4. The Corticospinal (Pyramidal) and Extrapyramidal Tracts

Descending motor commands travel via two major pathways. The corticospinal tract
originates from pyramidal neurons (including Betz cells) in layer V of M1, decussates at
the medullary pyramids, and synapses directly or indirectly onto spinal motor neurons. It
is essential for fractionated, fine movements of the distal limbs, the precise finger control
required for a basketball free throw or a climber’s grip [27,28].
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The extrapyramidal tracts (rubrospinal, reticulospinal, vestibulospinal, tectospinal)
originate from brainstem nuclei and provide indirect, parallel control over proximal mus-
cles, posture, and gross movements [29]. In sport, the extrapyramidal system maintains
postural stability during dynamic actions: a soccer player kicking a ball requires proximal
stability (extrapyramidal) to allow distal precision (pyramidal) [30]. The parallel organiza-
tion of these systems allows for partial compensation when one system is compromised, a
concept with implications for injury rehabilitation.

3.5. The Cerebellum: The Feed-Forward Controller

Although constituting only 10% of brain volume, the cerebellum contains more than
half of all neurons. Functionally, it is organized into three distinct zones essential for
athletic performance: the vestibulo-cerebellum (flocculonodular lobe) controls balance
and eye movements; the spino-cerebellum (vermis and intermediate hemisphere) receives
somatosensory and spinal inputs to regulate axial and distal musculature; and the cerebro-
cerebellum (lateral hemispheres) processes inputs from associative cortical areas via the
pontine nuclei, contributing to motor planning and the mental rehearsal of actions, a
technique widely used by athletes [31].

At the microcircuit level, the uniform cerebellar cortex comprises three layers (molec-
ular, Purkinje, and granular) and five principal cell types: excitatory granule cells and
inhibitory Purkinje, Golgi, stellate, and basket cells [32]. The cerebellum integrates informa-
tion through two main afferent pathways. Mossy fibers (originating from the spinal cord,
brainstem, and cortex) excite granule cells, whose axons bifurcate into parallel fibers that
contact the dendritic arbor of Purkinje cells in the molecular layer. In contrast, climbing
fibers (exclusively from the inferior olive) wrap around Purkinje cell dendrites, providing a
powerful, all-or-none error signal.

This excitatory drive is finely tuned by a local inhibitory network. Basket cells mainly
inhibit the soma and initial axon segment of Purkinje cells, while stellate cells primarily
inhibit their dendritic domains. This precise inhibitory control sharpens the timing and
gains of cerebellar output, allowing Purkinje cells, the sole gamma-aminobutyric acid
(GABAergic) output of the cerebellar cortex, to project filtered inhibitory signals to the deep
cerebellar nuclei [32,33].

Functionally, this unique architecture enables the cerebellum to act as a feed-forward
controller. It constantly compares the voluntary movement (internal forward model)
with actual sensory feedback, computes prediction errors, and generates preemptive
corrections [33–35]. For the athlete, this means that with practice, the cerebellar micro-
circuit learns to anticipate the consequences of a movement and correct it before sensory
feedback even arrives, forming the neurophysiological basis of progressive skill refinement
and “muscle memory” [36].

3.6. The Basal Ganglia: Action Selection and Habit Formation

The basal ganglia comprise the striatum (caudate, putamen), globus pallidus (external
and internal segments), subthalamic nucleus, and substantia nigra (pars compacta and pars
reticulata). The classical model distinguishes two pathways: the direct pathway (striatal D1
neurons → internal globus pallidus/substantia nigra pars reticulata (GPi/SNr) → thalamus
→ cortex), which facilitates movement, and the indirect pathway (striatal D2 neurons →
external globus pallidus (GPe) → subthalamic nucleus (STN) → GPi/SNr → thalamus →
cortex), which suppresses competing movements. Dopaminergic projections from SNc
(pars compacta) modulate these pathways: dopamine D1 receptors (D1) are excitatory
(facilitating the direct pathway), while dopamine D2 receptors (D2) are inhibitory (reducing
the indirect pathway) [37].
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This functional architecture enables the basal ganglia to select and reinforce appro-
priate motor programs while inhibiting unwanted alternatives. In sport, this mechanism
allows an athlete to suppress a habitual but inappropriate response (e.g., a basketball player
not dribbling when a pass is the better option) and to automate a well-learned sequence
(e.g., a gymnast’s routine). The basal ganglia are central to habit formation and procedural
learning, the gradual transition from goal-directed, effortful movement to automatic, fluid
execution [38,39].

4. The Dynamic Challenge: Why Linear Models Fail to Explain
Athletic Skill

The classical model, despite its explanatory power, suffers from a fundamental limita-
tion when applied to sport: it is essentially static and hierarchical [40]. It implies that the
cortex plans, the cerebellum corrects, the basal ganglia select, and the spinal cord executes.
However, this linear view cannot explain three key observations relevant to sport:

1. Lesion paradox: A cerebellar patient can still perform many voluntary movements,
but cannot adapt to a new tennis racket’s weight. A Parkinson’s patient (basal ganglia
dopamine depletion) can adapt to a perturbation but cannot form a stable habit. This
suggests specialization without isolation [41].

2. Temporal shifts in neural activity: Neuroimaging and transcranial magnetic stimu-
lation (TMS) studies of athletes learning a new skill reveal that the same network
(cerebello-thalamo-cortical) is engaged across all learning phases, but the pattern and
strength of connectivity change dramatically over time [6,42,43].

3. Multiple simultaneous learning processes: A tennis player learning a new serve
simultaneously uses error feedback (ball trajectory), reward signals (successful landing
in the box), and mere repetition (use-dependent plasticity). These processes can
cooperate or compete, and their relative weighting changes with practice [10,44].

These observations have led to a paradigm shift: motor learning is an emergent
property of dynamic, large-scale network reorganization rather than a simple transfer of
control from one area to another [8,9]. For the sports scientist, this means that different
training strategies are needed at different stages of skill acquisition.

5. Core Mechanisms of Motor Learning in Sport
5.1. Error-Based Learning: The Cerebellar Coach

Error-based learning (also called supervised learning or sensorimotor adaptation)
is the process by which the nervous system compares the expected sensory conse-
quences of a movement with actual feedback and adjusts motor commands to reduce
the discrepancy [45,46]. In sport, this is what happens when a basketball player adjusts
their free throw based on seeing the ball hit the front rim, or when a swimmer modifies
stroke technique based on coach feedback.

Neural substrate: The cerebellum is the master node for error-based learning. The
Marr–Albus–Ito theory explains the underlying synaptic mechanism. Climbing fibers from
the inferior olive carry an error signal. When a Purkinje cell receives simultaneous input
from a climbing fiber (error) and a parallel fiber (context), the synapse between the parallel
fiber and the Purkinje cell undergoes long-term depression (LTD) [34,47]. This LTD reduces
the inhibitory output of the Purkinje cell onto the deep cerebellar nuclei, disinhibiting
the nuclei and allowing a corrective change in motor output. Importantly, this plastic
change does not occur in isolation but is embedded within a local inhibitory network.
Stellate and basket cells in the molecular layer, together with Golgi cells in the granular
layer, regulate the flow of information from mossy fibers, granule cells, and parallel fibers
toward Purkinje cells. By shaping the excitability of Purkinje neurons, these inhibitory
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interneurons determine how strongly contextual information carried by parallel fibers is
integrated with the error signal conveyed by climbing fibers. For sport performance, this
balance is crucial: precise inhibition allows the cerebellum to filter irrelevant sensory noise,
stabilize correct motor patterns, and update movement commands only when an error
signal is behaviorally meaningful [32–34,47]. Ultimately, this learning is feed-forward: after
repeated exposure, the cerebellum learns to predict the error and preemptively correct it,
even before sensory feedback arrives [48].

Sport application: Error-based learning is dominant in the early stages of skill acquisi-
tion. The novice golfer receives explicit feedback (“your club face was open at impact”) and
makes large, conscious corrections. Coaches should provide frequent, precise, immediate
feedback during this phase, using video analysis, augmented feedback, and clear error
demonstrations [49].

Empirical evidence in sport: Studies using TMS have shown that disrupting cerebellar
function impairs visuomotor adaptation in tasks mimicking sport demands [50]. Moreover,
successful adaptation is associated with a reduction in cerebellar-brain inhibition (CBI), a
measure of the inhibitory influence of the cerebellum over M1, suggesting that LTD-like
mechanisms operate in vivo during sport skill learning [6].

5.2. Reinforcement Learning: The Striatal Selector

Reinforcement learning (RL) involves learning to select actions that maximize reward
(or minimize punishment) based on outcome feedback, without necessarily knowing the
correct action [51]. Unlike error-based learning, which relies on sensory prediction errors,
RL relies on reward prediction errors (RPE), the difference between obtained and expected
reward [52,53]. In sport, this is what happens when a player discovers that a particular
grip or stance “feels good” because it leads to a successful outcome, even if they cannot
explain why.

The basal ganglia, particularly the striatum, are central to RL. Dopaminergic neu-
rons in the SNc and ventral tegmental area (VTA) phasically fire to unexpected rewards
(positive RPE) and dip below baseline to omitted rewards (negative RPE). Dopamine mod-
ulates corticostriatal synapses via D1 and D2 receptors. Through repeated reinforcement,
successful action sequences become automated habits, represented within cortico-striatal
loops [38,54].

Reinforcement learning becomes increasingly important during the intermediate and
late stages of learning. Once the athlete can perform the movement reasonably well, explicit
error feedback can be reduced and replaced with outcome-based reinforcement (“that serve
was in the box, good”). Reward shaping (e.g., scoring systems, positive feedback from
coaches) should be emphasized. The transition from error-based to reinforcement-based
learning marks the shift from explicit to implicit skill, which is relevant in many sports,
including football [55].

Pharmacological blockade of dopamine receptors in M1 impairs motor skill acquisi-
tion [56]. Patients with Parkinson’s disease (striatal dopamine depletion) exhibit deficits
in reinforcement-based learning while retaining error-based adaptation [57]. In healthy
athletes, rewarding feedback enhances retention of motor skills compared to neutral or
punishment feedback [53]. This has direct implications for coaching: positive reinforcement
should be emphasized once the basic movement pattern is established.

5.3. Use-Dependent Learning: The Cortical Sculptor

Use-dependent learning (UDL), also known as use-dependent plasticity, refers to the
simple fact that repeatedly performing the same movement changes the neural represen-
tation of that movement, making it faster, more stable, and less variable [58,59]. Unlike
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error-based or reinforcement learning, UDL does not require any explicit performance
feedback; mere repetition suffices. In sport, this explains why a gymnast who repeats a
routine hundreds of times becomes more consistent, even without constant feedback.

As a neural substrate, M1 is the primary locus of UDL. Repetitive activation of specific
corticospinal neurons induces Hebbian plasticity, particularly long-term potentiation (LTP)
at synapses within M1 and between M1 and spinal motor neurons [60,61]. This LTP
is associated with a transient reduction in GABAergic inhibition, as measured by SICI,
allowing for increased excitability and map expansion. With continued training, inhibition
is gradually restored to refine and stabilize the new representation [62,63].

UDL is the dominant mechanism in the late stages of learning (automatization). Once
the athlete has acquired the basic skill, high-repetition practice consolidates the motor
representation. However, a critical nuance: UDL alone can lead to suboptimal solutions
if the repeated movement is flawed. A tennis player who practices a technically incorrect
serve will simply become more fluent at the flaw [59]. Therefore, UDL should be preceded
by adequate error-based learning to establish a correct template.

Simply repeating a thumb movement in a specific direction for 15 min biases subse-
quent movements in that same direction, even without feedback [60]. Anodal transcranial
direct current stimulation (a-tDCS) over M1, which reduces GABA and enhances excitabil-
ity, improves UDL and motor memory consolidation [64]. However, this excitability-
enhancing effect should not be interpreted as a universal target for late-stage automatic
performance. While reduced inhibition may facilitate plasticity during skill acquisition or
early consolidation, late autonomous performance is often associated with a more refined
excitation–inhibition balance and enhanced SICI, which may help suppress competing
motor outputs and stabilize highly trained movement representations. Elite musicians
and athletes show enhanced SICI, suggesting that long-term training strengthens cortical
inhibition to prevent unwanted movement interference [12,65].

5.4. Biochemical and Molecular Pathways Underlying Sport-Induced Neuroplasticity

Beyond large-scale neurofunctional circuits, sport skill acquisition depends on a coor-
dinated set of biochemical and molecular pathways that translate repetition, sensory error,
reward, metabolic demand, and recovery into long-lasting synaptic and network reorga-
nization. Therefore, the neuroanatomical and neurophysiological mechanisms described
above should be interpreted together with the biochemical cascades that regulate synaptic
strengthening, synaptic weakening, reward-dependent plasticity, neurotrophic support,
and muscle–brain communication.

5.4.1. Glutamatergic Cortical Plasticity

At the cortical level, use-dependent plasticity is mainly supported by glutamatergic
mechanisms involving N-methyl-D-aspartate (NMDA) receptor activation, calcium influx,
calcium/calmodulin-dependent protein kinase II (CaMKII), protein kinase A (PKA), and
protein kinase C (PKC) signaling, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor phosphorylation and trafficking, and cyclic adenosine monophosphate
response element-binding protein (CREB)-dependent gene transcription [66–68]. Func-
tionally, these molecular events strengthen synapses within motor cortical networks that
are repeatedly recruited during training. In sport, this mechanism may explain why high-
quality repetition progressively stabilizes task-specific motor patterns, improves movement
consistency, and supports the formation of more efficient corticospinal representations.
However, because these pathways strengthen what is repeatedly practiced, repetition alone
may consolidate both correct and incorrect motor patterns. This reinforces the need for
accurate feedback and technical correction before high-volume repetition is emphasized.

https://doi.org/10.3390/brainsci16070694

https://doi.org/10.3390/brainsci16070694


Brain Sci. 2026, 16, 694 9 of 24

These cascades provide the molecular basis for long-term potentiation (LTP)-like mecha-
nisms that strengthen task-relevant corticospinal representations during repeated execution
of sport-specific movements.

5.4.2. Cerebellar mGluR1–PKC–LTD Pathway

In parallel, cerebellar error-based learning depends on the convergence of climbing
fiber error signals and parallel fiber contextual inputs onto Purkinje cells. At the parallel
fiber–Purkinje cell synapse, metabotropic glutamate receptor type 1 (mGluR1) activation
triggers phospholipase C beta (PLCβ) signaling, inositol 1,4,5-trisphosphate/diacylglycerol
(IP3/DAG) production, intracellular calcium release, PKC activation, and AMPA receptor
internalization, thereby supporting cerebellar LTD and the updating of internal forward
models [69,70]. In the context of sport skill acquisition, this pathway is particularly rel-
evant during the early phases of learning, when movement errors are large and sensory
prediction errors are frequent. For example, when a novice athlete repeatedly adjusts a
movement based on visual, proprioceptive, or coach-provided feedback, cerebellar LTD-
like mechanisms may help recalibrate the relationship between motor commands and
their sensory consequences. Thus, the cerebellar mGluR1–PKC–LTD pathway provides a
molecular explanation for why precise error feedback is especially important during early
skill refinement.

5.4.3. Dopaminergic Corticostriatal Plasticity

Reinforcement learning is shaped by dopaminergic projections from the SNc and
VTA to the striatum. Phasic dopamine responses encode reward prediction errors and
modulate corticostriatal plasticity via D1- and D2-receptor-dependent signalling path-
ways involving cyclic adenosine monophosphate (cAMP), protein kinase A (PKA) and the
dopamine- and cAMP-regulated phosphoprotein of 32 kDa (DARPP-32). This facilitates
the reinforcement of successful motor programmes and the suppression of inefficient or
competing actions [71–73]. Through these mechanisms, successful motor programs are
reinforced, while inefficient or competing actions are progressively suppressed. This is
particularly relevant during the associative phase of learning, when the athlete begins
to identify which movement solutions produce successful outcomes. In coaching prac-
tice, positive reinforcement, reward-based feedback, and outcome-based learning may
therefore engage dopaminergic corticostriatal pathways that promote the selection and
automatization of effective motor sequences. Over time, repeated reinforcement of suc-
cessful actions contributes to habit formation and to the transition from effortful control to
automatic execution.

5.4.4. BDNF–TrkB Signaling and Growth Factors

A central convergent mechanism across these forms of plasticity is the brain-derived
neurotrophic factor (BDNF)–tropomyosin receptor kinase B pathway. Exercise and mo-
tor practice increase BDNF availability, which activates tropomyosin receptor kinase
B (TrkB) receptors and downstream phosphoinositide 3-kinase (PI3K)–protein kinase
B (Akt)–mechanistic target of rapamycin (mTOR), mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK), and phospholipase C gamma (PLCγ)–
CaMK–CREB pathways, promoting dendritic spine remodeling, synaptogenesis, local
protein synthesis, neuronal survival, and motor memory consolidation [74–76]. BDNF–
TrkB signaling therefore represents a molecular bridge between repeated motor practice,
exercise-induced neuroplasticity, and long-term retention of motor skills. Additional
growth factors, including insulin-like growth factor 1 (IGF-1) and vascular endothelial
growth factor (VEGF), may further contribute to training-induced neural adaptation by
supporting angiogenesis, neurogenesis, synaptic remodeling, and recovery processes [77].
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From a sport perspective, these mechanisms suggest that training load, exercise intensity,
recovery, and sleep may influence not only performance behavior but also the neurotrophic
environment required for consolidation and long-term skill retention.

5.4.5. Muscle–Brain Communication

Importantly, the biochemical effects of sport training are not restricted to the brain.
Contracting skeletal muscle releases metabolic and myokine signals that contribute to
muscle–brain communication. Lactate, especially during moderate to high-intensity exer-
cise, may act not only as an energetic substrate but also as a signaling molecule capable
of increasing BDNF expression through sirtuin 1 (SIRT1)-dependent activation of the per-
oxisome proliferator-activated receptor gamma coactivator 1-alpha/fibronectin type III
domain-containing protein 5 (PGC-1α/FNDC5) pathway [78]. Similarly, exercise-induced
PGC-1α/FNDC5/irisin signaling has been proposed as a molecular bridge between periph-
eral muscular work and central neurotrophic adaptation [77]. Additional systemic media-
tors, including insulin-like growth factor 1 (IGF-1), VEGF, cathepsin B, anti-inflammatory
cytokine modulation, and redox-sensitive pathways, may further regulate angiogenesis,
neurogenesis, synaptic remodeling, and recovery after training or injury [79–81]. There-
fore, sport-induced neuroplasticity should be considered a multilevel process in which
neurofunctional pathways provide the anatomical architecture of skill learning, whereas
molecular pathways determine the cellular rules by which practice, reward, metabolic
stress, and recovery reshape the athletic brain. From a coaching perspective, this im-
plies that training variables such as repetition, feedback timing, reward structure, exercise
intensity, sleep, recovery, and environmental specificity may influence not only perfor-
mance behavior but also the biochemical conditions that enable synaptic consolidation
and automatization.

6. Integrating the Triad: A Spatiotemporal Model of Network
Reorganization for Sport

The three mechanisms described above do not operate in isolation (Figure 2). Rather,
they are simultaneously engaged during motor learning, with their relative contribu-
tions varying dynamically as a function of learning stage, task demands, and feed-
back availability [6,11]. We propose a three-stage spatiotemporal model that directly
maps onto the phases of sport skill acquisition described in the sport science litera-
ture [82,83]. Importantly, these stage-dependent network changes are paralleled by
specific biochemical mechanisms. During early learning, large sensory prediction er-
rors preferentially engage cerebellar mGluR1–PKC–LTD signaling, supporting the recal-
ibration of internal forward models [69,70]. During the associative phase, dopaminer-
gic corticostriatal plasticity, involving D1/D2 receptor signaling, cAMP–PKA pathways,
and DARPP-32, contributes to reward-based selection and reinforcement of successful
motor programs [71–73]. During late learning and automatization, repeated execution
is increasingly supported by glutamatergic LTP-like mechanisms in motor cortical net-
works, BDNF–TrkB-dependent synaptic remodeling, growth-factor signaling, and exercise-
induced muscle–brain communication, which together promote consolidation, efficiency,
and long-term retention [66–68,74–77,79–81]. Thus, the proposed model should be inter-
preted as a multilevel framework in which neural circuits define the functional architecture
of learning, whereas biochemical pathways provide the cellular rules that stabilize, weaken,
or reinforce motor representations across training stages.
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Figure 2. Dynamic shift in cerebellar–M1, striato–M1, and corticostriatal connectivity weights across
three stages (cognitive, associative, autonomous).

6.1. Stage 1: Early Learning (Cognitive/Strategic Phase)

The novice athlete’s movements are slow, clumsy, highly variable, and inefficient,
and attention is entirely focused on the task. In this context, the athlete explicitly tries
to understand the goal and strategy; for example, a beginner basketball player needs to
watch the ball while dribbling and a novice swimmer whose strokes are uncoordinated and
exhausting [84].

During early learning, the dorsolateral prefrontal cortex (DLPFC) is highly active, con-
tributing to working memory and strategic planning [85], while the cerebellum is strongly
engaged because error signals dominate and each movement yields a large discrepancy
between expected and actual sensory feedback. In this phase, LTD within the cerebellar
cortex is intense [86]. However, the basal ganglia contribute minimally, as the action policy
is not yet formed. M1 is moderately active, but its plasticity is not yet consolidated [87,88].

Accordingly, cerebello-M1 connectivity is strong, reflecting error transmission;
cerebello-prefrontal connectivity may facilitate strategic adaptation, while cortico-striatal
connectivity is weak [6,42] (Table 1).

Table 1. Summary of the Three-Stage Spatiotemporal Model for Sport Skill Acquisition.

Feature Stage 1: Early
(Cognitive Phase)

Stage 2: Intermediate
(Associative Phase)

Stage 3: Late
(Autonomous Phase)

Athletic behavior Slow, clumsy, variable, high
attention

Fluid, consistent in familiar
settings Automatic, fast, efficient, robust

Dominant learning
mechanism Error-based (cerebellar) Reinforcement (striatal) +

emerging UDL
Use-dependent (cortical) + habit

(striatal)

Dominant biochemical
drivers

Cerebellar
mGluR1–PKC–LTD;

error-dependent synaptic
weakening

Dopamine, D1/D2 signaling,
cAMP–PKA–DARPP-32;

BDNF-mediated consolidation

Glutamatergic LTP-like
plasticity; BDNF–TrkB; growth

factors; muscle–brain
myokine/metabolic signaling
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Table 1. Cont.

Feature Stage 1: Early
(Cognitive Phase)

Stage 2: Intermediate
(Associative Phase)

Stage 3: Late
(Autonomous Phase)

Primary neural substrate Cerebellum + Prefrontal
cortex Basal ganglia + M1 M1 (with enhanced SICI) +

putamen

Cortical excitability Low-moderate High (LTP-like, reduced SICI) Refined excitation–inhibition
balance with enhanced SICI

Cerebello-M1 connectivity High (error transmission) Declining Low (only for fine tuning)

Striato-M1 connectivity Low Increasing High (habit execution)

Dopamine involvement Minimal High (reward signaling) Tonic (maintenance)

Coach focus Explicit feedback, error
correction, part practice

Outcome feedback, positive
reinforcement, variable practice

Repetition, context-specific
training, dual-task practice

Example sport task Learning to coordinate a
golf swing

Hitting consistently at driving
range

Automatic swing under
tournament pressure

Coaching implications:

• Provide frequent, explicit, immediate feedback (verbal, video, augmented).
• Emphasize error identification and correction.
• Use part practice (breaking the skill into components).
• Do not expect automaticity or consistency.
• Keep reinforcement secondary to error correction.

6.2. Stage 2: Intermediate Learning (Associative Phase)

In intermediate learning, movements become more fluid, with fewer errors and less
variability. The athlete can perform the skill in familiar settings but struggles under
pressure or with novelty. Attention demands decrease, but the athlete is still vulnerable to
interference [89]. Examples: a golfer who can hit consistently at the driving range but slices
under tournament pressure; a swimmer with good technique in practice but who breaks
down when fatigued.

Cerebellar activity begins to decline as the internal forward model improves and
prediction errors shrink. The basal ganglia become increasingly engaged, as reward feed-
back (e.g., “that shot felt good”) and success signals begin to select and reinforce the most
effective action sequences. M1 undergoes LTP-like plasticity (increased excitability, reduced
SICI) to consolidate the motor representation [6,39,89].

The balance shifts, with cerebello-M1 connectivity decreasing (leading to fewer error-
driven corrections) and striato-M1 and thalamo-cortical connectivity increasing (facilitating
action selection and consolidation). Explicit strategies (prefrontal) are gradually replaced
by implicit procedures [54,58,88] (Table 1).

Coaching implications:

• Reduce explicit error feedback frequency.
• Introduce outcome-based feedback (“good shot” vs. specific corrections).
• Use random practice and variable practice to promote generalization.
• Begin to introduce pressure (simulated competition).
• Emphasize positive reinforcement for successful outcomes.

6.3. Stage 3: Late Learning (Autonomous Phase)

In late learning, execution becomes automatic, fluid, and efficient. The athlete can
perform the skill while attending to other tasks (e.g., a basketball player dribbling while
reading the defense). The skill is robust under pressure and resistant to interference. For
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example, an elite swimmer may execute an effortless stroke even during a maximal sprint,
and a tennis player may return serves reflexively [89].

The cerebellum is only minimally active for fine-tuning; the basal ganglia (particularly
the putamen) have consolidated the action sequence into a habit. M1 shows enhanced SICI
to sharpen the movement representation and suppress competing movements [12,90]. The
prefrontal cortex is largely deactivated, freeing cognitive resources for other tasks (e.g.,
strategy, environmental monitoring) [91].

The network is now efficient and modular. Information flows rapidly through cortico-
striatal loops (direct pathway) and M1-spinal connections. Cerebello-M1 connectivity is
low but can be rapidly reactivated if an unexpected error occurs. This architecture explains
how elite athletes can perform complex skills while attending to other demands [88,89]
(Table 1).

Coaching implications:

• Provide minimal explicit feedback (the athlete knows what is correct).
• Use high-repetition, varied practice to maintain and refine.
• Emphasize dual-task training (execute skill while attending to other stimuli) to test

and enhance automaticity.
• Train in context-specific environments (e.g., swimmers in water, basketball players on

court with defenders).
• Use neurofeedback or brain stimulation (if appropriate) to further enhance inhibition

and efficiency.

6.4. Neurovascular Coupling and Cerebral Metabolic Support as Modulators of Motor Learning

Although the present model focuses primarily on neural circuits and biochemical
pathways involved in sport skill acquisition, these mechanisms depend on adequate neu-
rovascular and metabolic support. Motor learning requires repeated and coordinated
activation of cortical, cerebellar, striatal, and spinal networks. Such activation must be
accompanied by appropriate increases in regional cerebral blood flow, oxygen delivery,
glucose availability, and clearance of metabolic by-products. Therefore, neurovascular
coupling should be considered a permissive and modulatory component of motor learning
rather than a separate learning mechanism [92–94]. This point is particularly relevant
because neural activity and hemodynamic responses are not always coupled in a simple
one-to-one manner. In conditions characterized by impaired cerebral autoregulation or
cerebrovascular dysfunction, such as aging, neurodegenerative disorders, chronic vascular
disease, fatigue, or sleep-related breathing disturbances, neural activation may not be
adequately matched by local perfusion responses [92,95]. Under these conditions, the
same neural input may produce a reduced, delayed, or metabolically inefficient behavioral
output. This may partially explain why learning rate, consolidation, fatigue resistance,
and automatization differ across age groups and clinical populations. In the context of the
proposed three-stage model, neurovascular efficiency may be especially important during
the early and intermediate phases of learning, when high attentional demand, error moni-
toring, and active synaptic remodeling increase metabolic requirements. In late learning,
automatization is associated with more efficient and less cognitively demanding motor
execution. However, this efficiency still depends on the capacity of the cerebrovascular
system to maintain adequate perfusion during prolonged or repeated performance. If
neurovascular coupling is impaired, an athlete or patient may show apparently preserved
neural recruitment but reduced endurance, poorer consolidation, greater fatigue, or incom-
plete automatization. Accordingly, sport-induced neuroplasticity should be interpreted as a
multilevel process in which neural circuits provide the functional architecture, biochemical
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pathways regulate synaptic modification, and neurovascular mechanisms provide the
metabolic support required for plasticity and sustained performance.

7. Sport-Specific Neurophysiological Adaptations: Insights from
Elite Athletes

The dynamic network model predicts that long-term, context-specific training should
produce measurable neurophysiological adaptations. One of the most elegant demonstra-
tions comes from a study on elite swimmers [12].

7.1. The Swimmer Study: Context-Dependent Cortical Inhibition

Sato et al. (2020) [12] studied 14 elite competitive swimmers (with >10 years of training)
and 14 age-matched non-swimmer controls. Using TMS, they measured SICI, a GABAergic
measure of cortical inhibition in M1, in three conditions: on land (baseline), during water
immersion, and on land after immersion.

Elite swimmers demonstrated better sensorimotor performance than non-swimmer
controls in the water, whereas no group difference was observed on land. This finding indi-
cates that the behavioral advantage was context-specific, but it should not be interpreted as
direct evidence that superior sensorimotor skills were caused by swimming training alone.

Swimmers exhibited increased SICI (greater cortical inhibition) during water immer-
sion compared to land. This increase was absent in non-swimmers.

The enhancement was observed only in the aquatic environment, not on land, indicat-
ing that the neural adaptation is functionally tuned to the training context.

The magnitude of SICI enhancement was correlated with years of competitive swim-
ming experience. Although this association is consistent with long-term sport-related
adaptation, the cross-sectional design of the study does not allow causal conclusions, and
pre-existing neurophysiological differences, self-selection, or other confounding factors
cannot be excluded.

Increased SICI reflects sharper, more efficient motor representations. The motor
cortex learns to suppress irrelevant neural activity, allowing the desired movement to be
executed without interference from competing motor programs. This may represent a
neurophysiological correlate of automatization. The fact that this pattern was context-
dependent, being observed in water but not on land, suggests that inhibitory cortical states
may be tuned to the performance environment. For the swimmer, the aquatic environment
may therefore act as a contextual cue associated with a more efficient motor inhibitory state.

Training should occur in the performance environment whenever possible. A basket-
ball player who only practices in an empty gym may not develop the context-dependent
inhibition needed to perform in a noisy arena. Swimmers should spend adequate time in
the water, not just on dry-land training. Moreover, simulation training (e.g., practicing with
crowd noise, competition lighting) may help generalize contextual adaptations [12,96].

7.2. The Role of Context and Environment

The swimmer study demonstrates that cortical inhibition is context-dependent [12].
This has practical implications:

• Train in the performance environment whenever possible (water for swimmers, court
for tennis players, field for soccer players).

• Use environmental enrichment to strengthen context-specific plasticity (e.g., crowd
noise simulators, competition lighting, unfamiliar venues during practice).

• Be aware of contextual interference: a skill learned in one context (e.g., a quiet gym)
may not transfer perfectly to another (e.g., a noisy arena). Gradual exposure to target
contexts during training is beneficial [97].
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7.3. Potential for Neuromodulatory Interventions in Sport

While still experimental, non-invasive brain stimulation techniques (a-tDCS, TMS)
have shown promise for enhancing motor learning [98,99]. The dynamic model suggests
timing matters (Table 2).

Table 2. Timing in the Dynamic Model of Non-Invasive Brain Stimulation Techniques.

Timing Target Proposed Mechanism Potential Application

Early learning Cerebellum
(a-tDCS/iTBS)

Enhance LTD-like plasticity,
accelerate error-based

adaptation

Accelerate initial skill
acquisition (e.g., learning a

new golf swing)

Late
learning/automatization

M1, individualized
neuromodulation

Fine-tune
excitation–inhibition balance

and preserve SICI

Optimize automatic execution
and motor efficiency

Pre-competition M1 (cathodal tDCS or
specific TMS protocols)

Modulate SICI, optimize
cortical inhibition

“Prime” the motor system for
automatic performance

Use of brain stimulation in sport is controversial (ethical and safety concerns). How-
ever, understanding these mechanisms may inform non-invasive behavioral strategies
that mimic stimulation effects (e.g., specific feedback schedules to engage targeted net-
works) [100]. Importantly, the optimal neuromodulatory target may differ across learning
stages. Excitability-enhancing protocols, such as anodal M1 tDCS, may facilitate acquisition
or early consolidation, whereas late autonomous performance may require preservation
or fine-tuning of inhibitory control, including SICI, to maintain movement selectivity and
suppress competing motor programs.

8. Implications for Coaching, Training Periodization, and
Neurorehabilitation
8.1. Phase-Specific Coaching Strategies

The dynamic model provides a neurophysiological rationale for periodizing training
content. Coaches should not use the same instructional approach across all phases of
learning [101] (Table 3).

Table 3. Coach’s Instructional Approach Proposal Across the Phases of Learning.

Phase Recommended Coaching Strategies Avoid

Stage 1
(Cognitive)

• Frequent explicit feedback;
• Video analysis, error correction;
• Part practice;
• Clear demonstrations.

• Positive-only reinforcement without error correction;
• Competition pressure;
• High-repetition of flawed movements.

Stage 2
(Associative)

• Outcome-based feedback;
• Positive reinforcement;
• Variable practice;
• Random practice;
• Simulated pressure.

• Overloading with explicit instructions;
• Insufficient repetition;
• Complete removal of feedback.

Stage 3
(Autonomous)

• Minimal explicit feedback;
• High-repetition varied practice;
• Dual-task training;
• Context-specific training;
• Competition simulation.

• Over-coaching;
• Constant verbal correction;
• Training only in sterile environments.
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8.2. Training Periodization Informed by Neural Phase Transitions

Traditional periodization (macro-, meso-, and microcycles) is based on physiological
parameters (load, volume, intensity) [102]. The dynamic network model suggests adding a
neural periodization dimension:

(1) Early season (preparatory phase): Emphasize error-based learning. Use explicit
instruction, video feedback, and blocked practice to establish correct movement
templates. Cerebellar engagement is high; coaches should provide frequent,
specific corrections.

(2) Mid-season (competition preparation): Emphasize reinforcement learning and emerg-
ing use-dependent plasticity. Reduce explicit feedback; increase positive reinforce-
ment; introduce variable and random practice. Begin to simulate competition pressure.

(3) Late season/peak (competition phase): Emphasize use-dependent learning and con-
textual tuning. High-repetition, sport-specific environments, dual-task training. Mini-
mal explicit feedback. The goal is automation and robustness [103].

8.3. Implications for Injury Rehabilitation and Return to Sport

When an athlete is injured, the motor representation of the affected movement may
degrade. The dynamic model suggests:

• Early rehabilitation should emphasize error-based learning (explicit feedback, aug-
mented reality, visual feedback) to re-establish accurate movement representations.

• Late rehabilitation should emphasize use-dependent learning (high-repetition) and con-
textual training (gradual return to sport-specific environments) to restore automatization.

• Clinicians should be aware that motor memory is context-dependent; a movement
learned in a clinic may not automatically transfer to the field or court. Gradual, staged
exposure is necessary [104].

9. Future Directions and Open Questions for Sport Neuroscience
Despite significant progress, several key questions remain unresolved for sport scientists:

• How are multiple plasticity sites coordinated during real-world sport training? Most
studies use simple laboratory tasks. Ecologically valid studies tracking elite ath-
letes across a full season are needed. Portable neuroimaging and neurophysiological
methods, such as functional near-infrared spectroscopy (fNIRS), portable electroen-
cephalography (EEG), and TMS, are needed [105]. In this context, pairing mobile units
(fNIRS plus EEG) represents an optimal approach to disentangle whether suboptimal
learning reflects altered neural recruitment, inadequate hemodynamic responses, or a
mismatch between neural activation and neurovascular-metabolic support.

• What is the optimal schedule for transitioning from error-based to reinforcement-
based learning? Is it better to stay longer in the error-based phase to establish a perfect
template, or to transition earlier to promote implicit learning? Individual differences
likely matter [106].

• Can we predict which athletes will respond best to which training strategies? Baseline
measures of SICI, cerebellar excitability, or dopamine-related genes, such as catechol-
O-methyltransferase (COMT) polymorphism, might predict learning trajectories. This
could enable personalized training protocols [107].

• How does fatigue (mental or physical) affect the dynamic network reorganization?
Does fatigue selectively impair one learning mechanism over others? For example,
mental fatigue might impair prefrontal-dependent strategic learning (Stage 1) while
sparing cerebellar error-based learning [108].
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• What is the role of sleep and offline consolidation in sport skill learning? Sleep
is known to consolidate motor memories. Does sleep preferentially consolidate
one type of learning (e.g., reinforcement-based habits) over another (error-based
adaptation)? [109].

• Can we accelerate the transition from Stage 1 to Stage 3 using targeted interventions?
Closed-loop neurofeedback, such as real-time EEG or functional magnetic resonance
imaging (fMRI) biofeedback, might allow athletes to consciously modulate their brain
state to facilitate plasticity [110].

Advanced techniques such as dual-site TMS (stimulating two brain regions and mea-
suring their interaction), high-density EEG with source localization, and computational
modeling will be essential to address these questions in sport contexts [11,46]. Future
studies should combine mobile electroencephalography (EEG) and functional near-infrared
spectroscopy (fNIRS) during ecologically valid sport tasks to determine whether poor
learning, reduced automatization, or fatigue-related performance decline reflects altered
neural recruitment, inadequate hemodynamic responses, or a mismatch between neural
activation and neurovascular-metabolic support [92–95]. Future research should also ex-
amine whether sleep-related breathing disturbances, such as snoring or obstructive sleep
apnea, impair motor memory consolidation and skill automatization through intermittent
hypoxia, altered cerebral perfusion, sleep fragmentation, and reduced sleep-dependent
plasticity [109,111]. Snoring and sleep apnea are linked to cerebral hypoperfusion, which
is a known risk factor for Alzheimer’s disease; this could also negatively affect memory
consolidation and, hence, motor development [112].

10. Conclusions
Motor learning is not a linear cascade from higher to lower centers, nor a simple

transfer of control across a fixed hierarchy. Instead, it is an emergent property of dynamic,
large-scale network reorganization involving the cerebellum, basal ganglia, primary motor
cortex, and their interconnected loops [113]. The three core learning processes—error-
based learning (cerebellar), reinforcement learning (striatal), and use-dependent learning
(cortical)—operate in parallel from the very first trial, but their relative weights shift
dramatically across the stages of skill acquisition [114].

At the molecular level, these learning processes are supported by partially distinct
but interacting biochemical pathways: cerebellar mGluR1–PKC–LTD mechanisms for
error-based updating, dopaminergic corticostriatal signaling for reinforcement learn-
ing, and glutamatergic LTP-like plasticity, AMPA receptor trafficking, BDNF–TrkB sig-
naling, and growth-factor-mediated remodeling for use-dependent consolidation. In
addition, exercise-induced muscle–brain communication through lactate, irisin, IGF-1,
VEGF, cathepsin B, inflammatory modulation, and redox-sensitive pathways may cre-
ate a systemic biochemical environment that facilitates consolidation, recovery, and
automatization [66,69–71,73–75,77,78,80]. Therefore, sport-induced neuroplasticity should
be considered a multilevel process in which neural circuits provide the functional archi-
tecture, whereas biochemical pathways determine how practice, sensory error, reward,
metabolic stress, sleep, and recovery are translated into stable motor memories.

For the athlete and coach, this means that early learning is dominated by the cerebel-
lum and prefrontal cortex [6,57]. Coaches should provide frequent, explicit, error-focused
feedback. This is not the time for positive-only reinforcement or high-repetition, mindless
practice. Intermediate learning engages the basal ganglia and initiates M1 plasticity [115].
Coaches should reduce explicit feedback, introduce outcome-based reinforcement, and use
variable/random practice. Late learning is characterized by reduced cerebellar engagement,
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enhanced SICI, and efficient cortico-striatal loops [116]. Coaches should use high-repetition,
context-specific training, dual-task practice, and minimal explicit instruction.

Moreover, the athlete’s brain is context-sensitive. Elite swimmers show enhanced
SICI only in water [12]. This means that training should occur in the performance envi-
ronment whenever possible, and that context-specific adaptations must be deliberately
cultivated [97].

This dynamic, network-level perspective transcends the static homunculus and offers
a richer, more clinically and practically relevant framework for sport science. It explains
why different athletes need different coaching approaches, why training context matters,
and why optimal training strategies must be stage-specific. Future research should focus
on tracking network interactions in real-world athletic settings and on developing targeted
behavioral, and potentially neuromodulatory, interventions that respect the spatiotemporal
dynamics of multisite plasticity [117].

Ultimately, understanding how the brain orchestrates the symphony of learning pro-
cesses will allow coaches, sport scientists, and clinicians to design more effective training,
rehabilitation, and performance optimization strategies [118]. The elite athlete’s brain
should not be regarded merely as a well-trained biological system, but as a continuously
adapting neural network, progressively shaped by error signals, reward-based reinforce-
ment, and repeated practice, and finely tuned to the specific demands of the sport and its
performance environment [13].
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Abbreviations
The following abbreviations are used in this manuscript:

AKT Protein kinase B (PKB)
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
a-tDCS Anodal transcranial direct current stimulation
BDNF Brain-derived neurotrophic factor
CaMKII Calcium/calmodulin-dependent protein kinase II
cAMP Cyclic adenosine monophosphate
CBI Cerebellar-brain inhibition
COMT Catechol-O-methyltransferase

https://doi.org/10.3390/brainsci16070694

https://doi.org/10.3390/brainsci16070694


Brain Sci. 2026, 16, 694 19 of 24

CREB Cyclic adenosine monophosphate response element-binding protein
DAG Diacylglycerol
DARPP-32 Adenosine monophosphate-regulated phosphoprotein of 32 kDa
D1 Dopamine D1 receptor
D2 Dopamine D2 receptor
DLPFC Dorsolateral prefrontal cortex
EEG Electroencephalography
ERK Extracellular signal-regulated kinase
fMRI Functional magnetic resonance imaging
fNIRS Functional near-infrared spectroscopy
FNDC5 Fibronectin type III domain-containing protein 5
GABA Gamma-aminobutyric acid
GPe External globus pallidus
GPi Internal globus pallidus
IGF-1 Insulin-like growth factor 1
IP3 Inositol 1,4,5-trisphosphate
iTBS Intermittent theta-burst stimulation
LTD Long-term depression
LTP Long-term potentiation
MAPK Mitogen-activated protein kinase
M1 Primary motor cortex
mGluR1 Metabotropic glutamate receptor type 1
mTOR Mechanistic target of rapamycin
NMDA N-methyl-D-aspartate
PFC Prefrontal cortex
PGC-1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PI3K Phosphoinositide 3-kinase
PKA Protein kinase A
PKC Protein kinase C
PLCβ Phospholipase C beta
PLCγ Phospholipase C gamma
PMC Premotor cortex
RL Reinforcement learning
RPE Reward prediction error
SICI Short-interval intracortical inhibition
SIRT1 Sirtuin 1
SMA Supplementary motor area
SNc Substantia nigra compacta
SNr Substantia nigra pars reticulata
STN Subthalamic nucleus
tDCS Transcranial direct current stimulation
TrkB Tropomyosin receptor kinase B
TMS Transcranial magnetic stimulation
UDL Use-dependent learning
VEGF Vascular endothelial growth factor
VTA Ventral tegmental area
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