
Vol.:(0123456789)

Psychological Research (2025) 89:59 
https://doi.org/10.1007/s00426-025-02091-7

RESEARCH

Cognitive, Neurophysiological, and Behavioral Adaptations in Golf 
Putting Motor Learning: A Holistic Approach

Narges Abdoli1   · Alireza Saberi Kakhki1   · HamidReza Taheri Torbati1   · Majid Ghoshuni2   · Thomas Schack3,4

Received: 21 July 2024 / Accepted: 13 February 2025 / Published online: 1 March 2025 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract
Objectives  Research indicates that the development of cognitive structures significantly influences motor learning. However, 
this perspective overlooks the broader nature of motor learning, which encompasses not only cognitive changes but also 
neurophysiological and behavioral factors. This study aims to simultaneously examine the intricate motor learning process 
through cognitive, neurophysiological, and behavioral lenses to achieve a more comprehensive understanding.
Methods  Thirty participants were randomly assigned to either a practice group (n = 15) or a control group (n = 15) and tested 
at pre-, post-, and retention tests. The practice group underwent an acquisition phase involving three practice days (3 × 100 
trials of a golf putting task), while the control group did not participate.
Results  A hierarchical cluster analysis was conducted to group the basic action concepts into a coherent hierarchical struc-
ture, represented as a dendrogram. This dendrogram illustrated the relationships between basic action concepts. Analysis 
of mean group dendrograms revealed a significant increase in the organization of the cognitive structure within the practice 
group. EEG results indicated that the practice group's low and high alpha power increased significantly in frontal, central, and 
parietal areas (p < .05). Repeated measures ANOVA revealed that the practice group's motor performance errors decreased 
significantly (p < .05), while no changes were observed in the control group.
Conclusions  Our findings suggest that motor learning involves simultaneous cognitive, neurophysiological, and behavioral 
adaptations. It appears that the motor learning process involves gradually constructing these structures over time, providing 
an extensive understanding of the motor learning process.

Introduction

Understanding the fundamental mechanisms of the motor 
learning process and the factors that influence it is essential 
for developing effective educational and training methods. 
This understanding helps to minimize disabilities, enhance 
capabilities, and maximize human potential.

In this regard, researchers have proposed various perspec-
tives on how motor learning occurs. Cognitive scientists 
argue that motor learning happens through the development 
of the motor program (Adams, 1971; Anderson, 1982; Fitts 
& Posner, 1967; Lebiere et al., 1993; Proctor & Dutta, 1995; 
Schmidt, 1975). The cognitive views on developing a motor 
program are based on a closed-loop and top-down perspec-
tive (Anderson, 1983; Fitts & Posner, 1967; Lebiere et al., 
1993; Proctor & Dutta, 1995). According to the open-loop 
control theory (Keele & Posner, 1968), during the execution 
of movements (motor control), the central nervous system 

generates movements based on internal representations or 
motor commands (Edwards, 2010). Over time, these motor 
commands are stored in the central nervous system during 
motor learning. When necessary, the brain instructs lower 
areas; once motor commands are initiated, they enable 
movements to be executed without relying on sensory feed-
back (James, 1892; Keele & Posner, 1968; Lashley, 1917; 
Woodworth, 1899). However, critics of this theory believe 
that motor commands cannot be the only factor determin-
ing the execution of actions, as the same motor command 
sometimes results in different movements (Bernstein, 1967). 
Additionally, without feedback, the elegance and beauty of 
movements are lost. Furthermore, the nervous system is dif-
ferent from a programmed computer (Williams et al., 2005).

Adams proposed the closed-loop control theory after con-
sidering criticisms. He believed that motor learning occurs 
through strengthening a motor program that consists of two 
separate neural pathways (memory trace and perceptual 
trace) in the cortex (Adams, 1971). However, the closed-
loop theory couldn't explain how to control movements 
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in open-loop processes and address the issues of novelty, 
storage, and variability of practice (Schmidt et al., 2018). 
Schmidt (1975) introduced schema theory as a solution to 
the problems of motor programs. His concept of a gener-
alized motor program (GMP) was at the core of schema 
theory (Schmidt, 1975; Schmidt & White, 1972). Accord-
ing to Schmidt, two types of memory or schema are devel-
oped during the learning process to control movements. The 
recall schema generates the motor program before the move-
ment starts so that the movement can be performed without 
feedback intervention, and the recognition schema evalu-
ates the movement (Schmidt, 1975). According to schema 
theory, a group of movements can be controlled by a single 
GMP, instead of controlling specific movements (Schmidt 
et al., 2018). Although schema theory solves some of the 
problems of the motor program, it fails to explain how the 
motor program is created when the GMP is not yet formed; 
it also could not explain how to create and use rules related 
to sensory parameters and consequences, or how to generate 
movements when there is no schema (Schmidt et al., 2018). 
In sum, the cognitive approach believes that motor learning 
occurs due to the development of a motor program (Adams, 
1971; Anderson, 1983; Fitts & Posner, 1967; Lebiere et al. 
1993; Proctor & Dutta, 1995). However, it has not convinc-
ingly explained motor control and learning, therefore, the 
ecological approach was suggested.

The ecological approach to understanding motor control 
and learning emphasizes the importance of the relationship 
between the environment and the body's systems (Gibson, 
1979). According to this perspective, organisms do not 
need mental representations to perceive their surroundings 
or to perform actions (Gibson, 1979; Turvey, 1991). The 
environment provides meaningful information and oppor-
tunities for action (i.e. affordances) which directly controls 
behavior (Edwards, 2010; Gibson, 1979; Turvey, 1991; Wil-
liams et al., 2005). With practice and experience, individuals 
become more skilled at perceiving and using the information 
in the environment to guide their actions; as a result, motor 
learning is the growth of perception–action coupling and 
coordination with affordances (McMorris, 2014). However, 
the ecological approach does not fully explain the funda-
mental mechanisms of motor control and learning (Williams 
et al., 2005). For instance, it does not clarify how learners 
identify opportunities for action in their environment and 
decide which affordances and actions are appropriate for 
specific situations (McMorris, 2014).

The emphasis of perceptual approaches on the environ-
ment and reducing the importance of the individual in con-
trolling and learning actions on the one hand and reducing 
the importance of the environment in cognitive approaches 
led to the emergence of the perceptual-cognitive approach 
or action-driven views which are derived from Ideomotor 
theory (James, 1890). For example, the common coding 

theory (Prinz, 1997), the anticipative behavioral control 
(ABC; Hoffmann, 1993; Hoffmann et al., 2004), motor 
simulation theory (MST; Jeannerod, 2001), the theory of 
event coding (TEC; Hommel, 2009; Hommel & Wiers, 
2017; Hommel et al., 2001), and the Cognitive Action Archi-
tecture—Approach (CAA-A, Schack, 2004). To explain 
how control and learning occur, the perceptual-cognitive 
approach emphasizes both the interconnected relationship 
between the learner and the environment and cognition or 
cognitive structures (Schack, 2004). The action-driven or 
effect-based views believe in a common representational 
system of perception and action (Prinz, 1997). They share 
the idea that actions are planned and guided by cognitively 
represented perceptual effects (e.g., Hoffmann, 1993; Hom-
mel et al., 2001; Jeannerod, 2001; Knuf et al., 2001; Kunde, 
2001; Prinz, 1997; Schack, 2004; Frank et al., 2024), and a 
link between an action and its effects is established during 
learning (ideomotor theory: James, 1890; Hommel & Elsner, 
2009; Wulf & Prinz, 2001). Hence they highlight the goal-
directed nature of actions, the importance of anticipated per-
ceptual effects, and the crucial role of mental representations 
in controlling actions (Prinz, 1984, 1997; Prinz et al., 1987).

The cognitive action architecture approach (Schack, 
2004), derived from theories such as the ideomotor theory 
(James, 1890) and Bernstein's approach (1967), posits that 
individuals may possess simple and rudimentary cognitive 
structures at the onset of motor learning (Schack & Frank, 
2021). Though not fully developed, these initial cognitive 
representations and references serve as a foundation for 
subsequent learning. As motor learning progresses, these 
structures evolve from simple and general versions in struc-
ture and function into more organized and complex versions 
(Schack, 2004). Research across various sports—such as 
volleyball (Velentzas et al., 2011), tennis serve (Schack & 
Mechsner, 2006), windsurfing (Schack & Hackfort, 2007), 
judo (Weigelt et al., 2011), golf putting task (Frank et al., 
2013; Land et al., 2014), climbing (Bläsing et al., 2014), soc-
cer (Lex et al., 2015), basketball free throw (England et al., 
2019), and throwing movement (Gromeier et al., 2022)—
further supports the idea that cognitive structures specific to 
the task domain become increasingly organized and complex 
throughout the learning process. These representations in 
skilled individuals are structured hierarchically, aligning 
closely with the functional and biomechanical demands of 
the tasks, suggesting that while some cognitive frameworks 
may be general, they are refined and tailored to the demands 
of the specific task at hand (Schack & Frank, 2021).

In exploring motor control and learning theories, it is 
clear that they provide different perspectives. Altogether, 
motor learning is an intricate process that requires further 
investigation. Our study specifically focuses on examining 
certain aspects of this process. We propose that motor learn-
ing involves creating and constructing knowledge and/or 
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structures through continuous interaction with the environ-
ment. In this regard, one of our study's objectives is to meas-
ure cognitive structures in the context of a golf putting task, 
utilizing the Structure Dimensional Analysis—Motorics 
(SDA-M) software. The rationale for adopting this approach 
is based on the limitations of traditional methods used in 
previous research, such as questionnaires, interviews, and 
paper-and-pencil tests, which have been employed to investi-
gate mental representations (French et al., 1987; McPherson 
& Kernodle, 2003). These conventional approaches often 
face challenges related to objectivity and reliability (Schack, 
2004; Thomas & Thomas, 1994). Additionally, such studies 
generally focus on explicit knowledge and lack an empiri-
cal foundation, raising doubts about whether the knowledge 
reported by practitioners accurately reflects the knowledge 
needed for their actual performance (Schack, 2004). In con-
trast, our approach utilizes structural dimensional analysis 
of mental representations, an empirical method that captures 
more implicit knowledge than traditional methods can pro-
vide (Schack, 2012). This transition not only improves the 
objectivity and reliability of our findings but also offers a 
deeper understanding of the cognitive processes involved 
in motor learning. We aim to broaden the understanding of 
motor learning and its underlying mechanisms by analyzing 
how these cognitive structures develop and influence motor 
performance.

While our goal is to analyze learners' cognitive structures, 
we recognize that this examination may not be sufficient as 
we believe that changes occurring during the motor learning 
process extend beyond mere cognitive changes. For example, 
in the study of the neurophysiological mechanisms involved 
in controlling and executing movements and actions, it's 
been found that brain activity changes when learning a spe-
cific task or skill (Haufler et al., 2000; Parr et al., 2019; 
Taliep & John, 2014). Research reveals that the power of 
brain waves decreases in certain regions of the brain associ-
ated with cognitive control and attention processes, like the 
anterior cingulate cortex (Seo et al., 2012) and the fron-
tal cortex (Petrini et al., 2011). Skilled marksmen display 
a decrease in the left-temporal alpha power compared to 
novices (Haufler et al., 2000; Janelle et al., 2000). Addi-
tionally, experienced tennis players compared to less expe-
rienced tennis players, exhibit less power in mu and beta 
frequency bands while observing actions (Denis et al., 2017; 
Fox et al., 2016). Skilled marksmen show reduced brain 
activity in the left hemisphere in comparison to the right 
hemisphere (Hatfield et al., 1984). Elite golfers compared 
to amateur golfers display lower alpha power at Pz and T8, 
Fz and T8, and lower mu power before putting (Wang et al., 
2020). Moreover, in expert golfers, alpha (8–12 Hz) and beta 
(13–30 Hz) rhythms decrease in the frontal midline and the 
arm and hand areas of the right primary sensorimotor cortex 
(Babiloni et al., 2008). Furthermore, when learning a motor 

skill, alpha and theta wave power in the central regions and 
temporal cortex decreases (Ghasemian et al., 2017). The 
connection between the frontal areas and the left hemisphere 
decreases (Cheng et al., 2015; Gallicchio et al., 2016; Parr 
et al., 2021), and expert archers exhibit less alpha in the left 
temporal-frontal connection (Deeny et al., 2003).

Contrary to some research indicating wave power in vari-
ous brain regions decreases due to learning, other studies 
suggest that learning leads to increases in theta power, alpha 
power, mu rhythm, and sensorimotor rhythm (Abdoli et al., 
2024; Baumeister et al., 2008; Doppelmayr et al., 2008; 
Haufler et al., 2000; Parr et al., 2019, 2021). For instance, 
novice archers showed increased alpha power in the left 
temporal region during the learning process (Landers et al., 
1994); while theta power increased in the middle fron-
tal region and alpha power increased in the parietal and 
occipital regions after practicing a computer game (Smith 
et al., 1999). Skilled shooters exhibited increased alpha 
wave power in the left hemisphere before shooting, with 
no significant difference in the right hemisphere (Haufler 
et al., 2000). Additionally, skilled golfers showed increased 
theta power in the frontal and central regions before putting 
(Baumeister et al., 2008). During shooting, skilled shooters 
experienced increased alpha wave power in the left tempo-
ral region (T3/T7), while no change was observed in the 
central region (Kerick et al., 2001). Similarly, Doppelmayr 
et al. (2008) and Baumeister et al. (2008) reported that expe-
rienced athletes display increased theta activity in frontal 
regions during anticipatory phases of tasks compared to nov-
ices. This suggests that heightened theta may be linked to 
improved attention and focus, crucial for performance suc-
cess. Another study found increased neural activity in elite 
and skilled archers compared to novices in various brain 
regions, including the superior frontal, middle frontal cortex, 
temporoparietal, supplementary motor area, and cerebellum 
(Kim et al., 2014). Skilled individuals exhibited higher alpha 
power in the left temporal region (Taliep & John, 2014) or 
all brain areas (Parr et al., 2019) compared to novices; also 
expert golfers showed higher power of the mu rhythm in the 
central area or motor cortex (Abdoli et al., 2024).

According to the psychomotor efficiency hypothesis, an 
increase or decrease in brain wave power during the learn-
ing process is due to the efficiency of information process-
ing (Hatfield & Hillman, 2001). Researchers propose that at 
the initial of learning when people learn a new skill, their 
cognitive and mental processes are highly involved (Fitts & 
Posner, 1967). As they become skilled, the level of involve-
ment of these processes decreases, along with decreased 
brain activity (Haufler et al., 2000), indicating more effi-
cient use of specific neural circuits related to the task (Kelly 
& Garavan, 2005). This increased efficiency leads to better 
performance and requires less conscious effort (Deeny et al., 
2003). As individuals learn a task and become more skilled, 
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the cognitive effort related to the task (Haufler et al., 2000) 
and self-talk decreases (Deeny et al., 2003), and irrelevant 
cognitive processes are suppressed, leading to improved 
motor performance (Hatfield, 2018; Hatfield & Hillman, 
2001). Hence, in the advanced stages of learning, some 
cognitive analyses are likely inappropriate, and additional 
inputs from the cognitive areas of the brain, such as the left 
temporal cortex, to the motor planning areas, like the pos-
terior frontal cortex, may lead to interference, resulting in 
decreased motor performance quality (Deeny et al., 2003). 
Therefore, the different brain activity in novices and skilled 
individuals likely reflects the refinement and improvement 
of cognitive-motor functions as skills improve (Kim et al., 
2014). As a result of such efficient processing, unrelated 
cognitive processes are inhibited, while task-related cogni-
tive processes are enhanced (Hatfield, 2018; Hatfield & Hill-
man, 2001). That is, with increasing skill levels and motor 
learning, unused neural connections and networks decrease 
or are lost while those related to task execution increase, 
and new connections are formed (Hedrick et al., 2024), a 
fundamental process of neuronal circuit refinement in learn-
ing and memory (Morizawa et al., 2022) known as “synaptic 
pruning” (Greenough et al., 1987; Hedrick et al., 2024). In 
essence, elite and expert individuals have more advanced 
and refined cognitive-motor processes, associated with 
minimal energy consumption (Deeny et al., 2003, 2009). 
Hence, skilled individuals' cerebral cortex processes more 
efficiently, leading to higher quality and consistent motor 
performance (Deeny et al., 2003).

Building on previous research, this study hypothesizes 
that motor learning encompasses simultaneous neuro-
physiological changes alongside cognitive and behavioral 
adaptations. To investigate this hypothesis and deepen our 
understanding of the motor learning process, we aimed to 
simultaneously assess brain function, cognitive structures, 
and motor performance. Our research focused specifically 
on measuring alpha wave power in three key brain regions; 
the frontal region (F3, Fz, F4) associated with motor plan-
ning processes (Haufler et al., 2000), the central region (C3, 
Cz, C4) linked to motor execution (Schinke et al., 2016), 
and the parietal region (P3, Pz, P4) involved in integrating 
sensorimotor information (Medendorp & Heed, 2019) for 
planning (Ferri et al., 2015) and executing motor actions 
(Medendorp & Heed, 2019).

While we acknowledge the relevance of other EEG fre-
quency bands, in our study, we focus specifically on alpha 
rhythm, which is particularly important for athletic per-
formance, as supported by a wealth of literature (Babiloni 
et al., 2008; Baumeister et al., 2008; Deeny et al., 2003; 
Doppelmayr et al., 2008; Haufler et al., 2000; Janelle et al., 
2000; Kerick et al., 2001; Kim et al., 2014; Landers et al., 
1994; Parr et al., 2019, 2021; Smith et al., 1999; Taliep & 
John, 2014; Wang et al., 2020). Previous research indicates 

that alpha activity is critically linked to motor performance. 
There is a notable divide in the existing literature regarding 
changes in alpha power; some studies report increases, while 
others indicate decreases following motor learning. There-
fore, we anticipate the following hypotheses in our study: (a) 
we hypothesize that physical practice will enhance cognitive 
structures relevant to task performance, potentially leading 
to improved skill execution; (b) we hypothesize that physical 
practice will increase low alpha power (8–10 Hz) and high 
alpha power (10–12 Hz) in the brain's frontal, central, and 
parietal regions, which are associated with successful motor 
execution; (c) we hypothesize that physical practice will 
reduce performance errors, including inaccuracies, biases, 
and inconsistencies; (d) we hypothesize that motor learning 
involves simultaneous cognitive, neurophysiological, and 
behavioral adaptations, which will increase with practice.

Methods

Participants

We used G*Power 3.1 software (Faul et al., 2009) to deter-
mine the sample size for the study, focusing on golf put-
ting accuracy as the primary variable. Our plan involved 
creating two groups and conducting three tests. For the 
repeated measures ANOVA, the input parameters were 
as follows: alpha = 0.05, power = 0.90, effect size = 0.3, 
and actual power = 0.91. Based on these parameters, we 
recruited thirty university students (12 females, 18 males; 
Mage: 25.6 ± 2.1 years), divided equally into a control group 
(n = 15) and a practice group (n = 15). All participants had 
normal vision and no known psychological, cognitive, or 
neurological disorders. They were all right-handed (Old-
field, 1971) and had no previous experience with golf put-
ting tasks, remaining unaware of the specific purpose of the 
experiment. Before the experiment, participants were asked 
to avoid consuming caffeine, alcohol, or drugs that could 
affect brain function for at least one day. Informed consent 
was obtained from all participants through a consent form.

Measures

Tasks and procedures

In this research, we employed two primary tasks: a golf put-
ting task and a splitting task. The golf putting task was con-
ducted in a controlled laboratory environment on an artificial 
turf green. This task involved a 91 cm golf club, a standard-
sized golf hole with a diameter of 10.8 cm, and standard 
white golf balls with a diameter of 4.27 cm.

The splitting task, which involved analyzing the golf put-
ting skill, was performed using a computer system and the 
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Structure Dimensional Analysis—Motorics (SDA-M) soft-
ware (for further details on the SDA-M analysis, please refer 
to Schack, 2012). We used the splitting task to measure the 
structural dimensions of the participants' mental representa-
tions or cognitive structures.

The study consisted of three test days (pre-test, post-test, 
and retention test) and an acquisition phase (as shown in 
Table 1). These tests included cognitive, neurophysiological, 
and behavioral measurements.

Pre‑test

Cognitive procedure: To ensure that participants were well-
acquainted with the golf putting task, they first observed a 
video of an expert golfer executing it thrice. After the par-
ticipants observed a video of an expert golfer's performance, 
they needed to understand the sixteen basic action concepts 
(BACs) related to the golf putting skill before proceeding 
with the splitting task. These sixteen concepts were identi-
fied in previous research (Frank et al., 2013; Land et al., 
2014). To facilitate this understanding, we utilized the 
SDA-M software to introduce BACs to participants (Schack, 

2012). This approach helped introduce the key concepts of 
skill execution, after which we conducted the splitting task 
to analyze the participants' mental representations.

As shown in Fig. 1, the golf putting task can be split into 
five phases, each encompassing specific BACs. These phases 
are: (1) Preparation phase: shoulders parallel to target line 
(BAC 1), align club face square to target line (BAC 2), grip 
check (BAC 3), and look to the hole (BAC 4). (2) Back-
swing phase: rotate shoulders away from the ball (BAC 5), 
keep arm-shoulder triangle (BAC 6), and transition smoothly 
(BAC 7). (3) Forward swing phase: rotate shoulders toward 
the ball (BAC 8) and accelerate the club (BAC 9). (4) Impact 
phase: impact with the ball (BAC 10), club face square to 
target line at impact (BAC 11), follow-through (BAC 12) and 
rotate shoulder through the ball (BAC 13). (5) Attenuation 
phase: decelerate the club (BAC 14), direct the clubhead to 
planned position (BAC 15), and observe the outcome (BAC 
16).

After introducing the BACs to the participants, they 
completed the splitting task using the SDA-M software to 
examine the structural dimensions of their mental represen-
tations (Frank et al., 2013; Land et al., 2014). During the 

Table 1   The design of the study 
includes three test days and an 
acquisition phase

SDA-M: structural dimensional analysis of cognitive structure; putting task: 20 trials, putting practice: 10 
(trials) × 10 (blocks) each day

Pre-test Acquisition Post-test Retention-test

Day 1 Day 1 Day 2 Day 3 Day 4 Day 5

Practice group SDA-M*

EEG
Putting task

Putting practice SDA-M
EEG
Putting task

Putting task

Control group SDA-M
EEG
Putting task

– – – SDA-M
EEG
Putting task

Putting task

Fig. 1   The golf putting task is divided into five distinct phases: prepa-
ration phase (BACs 1–4), backswing phase (BACs 5–7), forward 
swing phase (BACs 8–9), impact phase (BACs 10–12), and attenua-

tion phase (BACs 13–16). These five phases encompass a total of 16 
basic action concepts (BACs)
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pre-test, each participant sat in front of a computer screen 
displaying one of the sixteen BACs as the anchor concept on 
the left side, while the remaining fifteen concepts appeared 
randomly on the right side. During the splitting task, par-
ticipants were required to compare each concept with an 
anchor randomly displayed on the screen. They assessed 
whether a functional relationship existed between the dis-
played concept and the anchor. If they identified a relation-
ship, they pressed the right key; if not, they pressed the left 
key. Figure 2 shows a view of the SDA-M software that the 
participants used for the splitting task. The splitting task 
continued until each of the sixteen concepts had served as 
the anchor in a series of comparisons, resulting in a total of 
240 judgments (16 anchors × 15 comparisons) to facilitate 
the analysis of their mental representations (Frank et al., 
2013). Following the cognitive assessment, participants took 
a brief break before individually engaging in neurophysi-
ological and behavioral evaluations.

EEG recording: We utilized a set of twenty-one Ag/
AgCl electrodes, which were securely placed on the par-
ticipants' scalps using neoprene caps. These electrodes 
were positioned according to the international 10–20 
standard system (Jasper, 1958). The ground electrode for 
recording was positioned at the FCz site, and the recording 

references were on the left (A1) and right (A2) mastoids 
(Jasper, 1958). We used a Mitsar 202 EEG amplifier (Mit-
sar company) and “WinEEG” data acquisition software 
to amplify, quantify, record, and store all EEG data. To 
maintain impedance below five kiloohms, we adjusted 
electrode positions, ensured the participants' scalp and hair 
were clean, and applied an adequate amount of electrolyte 
gel (Kao et al., 2014). Before recording, we reviewed the 
waves received from all channels using WinEEG software 
to ensure that there were no bad electrodes or sites, result-
ing in the absence of recorded artifacts. Additionally, we 
instructed participants to minimize blinking, head and 
eye movements, and teeth clenching during recording to 
reduce interference with brain wave data. EEG signals 
were collected while participants performed the golf put-
ting task, with recordings amplified and filtered within 
the range of 0.1–70 Hz and a digital notch filter at 50 Hz, 
using a sampling rate of 250 Hz. Since the EEG data were 
recorded continuously over an extended period, we pre-
cisely marked the timing of each trial (event) within the 
continuous EEG signal by pressing a designated key and 
entering a code in the WinEEG software simultaneously 
with the moment the putter made contact with the ball, 
without the participants' awareness. This approach allowed 

Fig. 2   This figure depicts the SDA-M software used by participants 
during the splitting task. The software displays one of the sixteen 
basic action concepts (BACs) as the anchor concept on the left side of 
the screen, while the remaining fifteen concepts are shown randomly 

on the right side. Participants compared each displayed concept on 
the right with the anchor to assess any functional relationships during 
the golf putting task



Psychological Research (2025) 89:59	 Page 7 of 22  59

us to isolate relevant brain activity from unrelated signals, 
enhancing the data's clarity and validity.

Behavioral procedure: Since the participants were inex-
perienced in the golf putting task, we provided them with 
instructions before the pre-test phase. They stood 300 cm 
away from the hole and were guided to position their feet 
shoulder-width apart and parallel to the target line to estab-
lish a stable stance. Participants were asked to lean forward 
slightly from their hips and to concentrate on the target. 
They were encouraged to grip the putter comfortably but 
firmly, initiating a smooth backward movement while keep-
ing the putter head low to the ground. They were instructed 
to swing the putter back and through along the target line, 
ensuring a fluid motion to enhance accuracy and consist-
ency. After the instructional phase, participants completed 
three warm-up trials to familiarize themselves with the task 
before proceeding to the pre-test. During the pre-test, all 
participants executed the golf putting task consisting of 20 
trials from a distance of 300 cm. During the pre-test, they 
received no instructions or augmented feedback on technical 
issues and how to perform the task.

We recorded the coordinates of the ball's stopping posi-
tions in two dimensions (X and Y axes) to measure three key 
performance metrics: accuracy, bias, and consistency. Accu-
racy was defined as how close participants’ putts landed to 
the target hole, measured by the mean radial error (MRE). A 
lower MRE indicated that the balls rested nearer to the hole, 
reflecting greater accuracy in putting performance. Bias 
referred to a systematic deviation from the target, capturing 
the tendency of participants' putts to consistently overshoot 
or undershoot the hole, quantified by the subject-centroid 
radial error (SRE). This metric helped identify patterns in 
errors that suggested a consistent inclination in the direc-
tion of the errors across trials. Finally, consistency assessed 
the reliability of participants’ performances by evaluating 
the variation in the stopping positions of their putts across 
multiple trials, measured using the bivariate variable error 
(BVE). A lower BVE score indicated more consistent putt 
placements, suggesting that participants could reliably rep-
licate their performance over the trials.

Acquisition phase

After the pre-test, the practice group participated in the 
acquisition phase, which lasted three days. They performed 
the golf putting task in 10 blocks of 10 trials (i.e., 100 tri-
als) with a short break between every block each day. They 
did not receive any instructions or augmented feedback on 
technical issues and how to perform the task. The only feed-
back available was the visible outcome (inherent feedback, 
Schmidt et al., 2018, p. 448). The practice group did 300 tri-
als (3 days × 100 trials) during the acquisition phase (Frank 

et al., 2013). The control group participated in all tests but 
did not participate in the acquisition phase.

Post‑test and retention‑test

After 24 h (day four), both practice and control groups par-
ticipated in the post-test. In the post-test, the participants' 
cognitive structures were measured again to specify the 
effect of physical practice on them. After the cognitive meas-
ure, the participants did a 20-trial block while their brain 
waves were recorded. After 48 h of non-practice (day five), 
all participants participated in the retention test and did a 
20-trial block (see Table 1).

Data analysis

Cognitive analysis

The Qsplit SDA-M software was used to conduct structural 
dimensional analysis of cognitive structures or representa-
tions, specifically the structural-dimensional relationships 
of BACs. For further details on the SDA-M analysis, please 
refer to Schack (2012). This analysis consisted of four steps:

The first step involved analyzing the proximity of BACs, 
which provided information on the distances between BACs: 
After the participants performed the splitting task, in the first 
step of the analysis, the number of positive and/or negative 
decisions for each particular reference concept (i.e., anchor) 
was collected and was formed into separate subsets so that 
obtained the euclidean distance scaling between the BACs 
of the golf putting task. Then, the subsets were transformed 
into z values for standardization and eventually combined 
into a z-matrix; this z-matrix formed the starting point for 
all subsequent analyses.

The second step involved measuring a constructed den-
drogram as a result of linked BACs: In this step, a hierarchi-
cal cluster analysis was used to transform the set of BACs 
into a dendrogram (i.e., a hierarchical structure). For hierar-
chical cluster analysis, the average-linkage method was used 
to transform the z-matrix into a euclidean distance matrix. 
This leads to the construction of cluster solutions (i.e., 
relationships between the BACs) which themselves form 
a dendrogram (i.e., a hierarchical structure). Each cluster 
solution is constructed by determining a critical euclidean 
distance (dCrit). The dCrit is used as a criterion to determine 
the significance level of each cluster. For cluster analysis, 
the significance level used in this study was < 0.05, which 
resulted in a critical value dCrit = 3.41 (horizontal red line in 
Figs. 3 and 4). The cluster solutions that were placed below 
the horizontal line (critical value) were considered statisti-
cally significant, and the cluster solutions that were above 
this critical line were considered statistically insignificant 
or irrelevant. 
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The third step involved determining the feature dimen-
sions of the cluster solutions (i.e., the linked BACs): In this 
step, the z-matrix is converted into a correlation matrix, and 

then by using a factor analysis linked to a specific cluster-
oriented rotation process, the dimensions of the cluster solu-
tions or linked BACs are revealed. Factor analysis presents 

Fig. 3   The results of the hierarchical cluster analysis of the SDA-M 
demonstrate the mean group dendrograms for the practice group 
(n = 15) and the control group (n = 15) at the pre-test (α = 0.05; 
dcrit = 3.41). The value for dcrit is represented by a red bar that splits 
the scale of Euclidean distances, distinguishing relevant structural 

links from less relevant ones (above dcrit) for a given probability. The 
values on the y-axis represent Euclidean distances, while the x-axis 
corresponds to the Basic Action Concepts (BACs) related to the golf 
putt. As shown, no significant clusters are evident in the cognitive 
structures of either the practice or control groups (color figure online)

Fig. 4   In the post-test, the results of the hierarchical cluster analy-
sis show connections that fall below the critical value (indicated by 
the horizontal red line) which are statistically considered as connec-
tions. In contrast, connections above this line are regarded as distinct 
clusters. As illustrated, three distinct functional clusters have formed 

within the practice group, corresponding to different phases of the 
action: the preparation phase, the backswing phase, and the impact 
and attenuation phases. However, no significant clusters are observed 
within the control group (color figure online)
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the characteristics (factors) and their weights (factor load-
ings) based on which cluster formation (structure) is done 
in each individual case. Factor loadings can range from -1 
to 1 and show how much a factor contributes to a given 
cluster. The random value for factor loadings dCrit is defined 
by z-matrix correlations and the number of factors, the high 
dCrit factor loadings are the most relevant for the given clus-
ter (Schack, 2012).

The final step involved determining the invariance of 
the cluster solutions: In this step, the homogeneous created 
cluster solutions were evaluated for (structural) invariance 
inter and between-individual and groups (Schack, 2012). To 
compare the difference between cluster solutions via a criti-
cal λ, an invariant analysis was used to show the significance 
of the differences. The invariance criterion is determined 
by the number of concepts in the cluster solution, pairwise 
cluster solutions, and the average number of clusters. The 
invariance value of the cluster solution (λ) can range from 0 
to 1, where 0 indicates the least identical structure of the two 
cluster solutions, and 1 indicates the most identical structure 
of the two cluster solutions. To determine the significant dif-
ference between the two groups, λ value was set to I = 0.68, 
when λ ≤ 0.68, two cluster solutions were considered dif-
ferent, and when λ ≥ 0.68, the two cluster solutions were 
considered similar and did not differ significantly (for more 
information about the SDA-M method please see Schack, 
2012).

EEG data analysis

After identifying the exact timing of the trials within the 
EEG signal, we established the moment of ball contact as 
the reference point (time 0 ms). The EEG data were then 
segmented into epochs based on this timing, covering a 
period from 2000 ms before to 2000 ms after the impact. 
Subsequently, we extracted the data from 2000 ms before 
and 2000 ms following the impact (i.e., the total duration 
of each trial) based on the reference point. By analyzing 
the EEG data over this 4000 ms window, our goal was to 
investigate the neural activities associated with motor plan-
ning, preparation for action, and the execution of the action.

After the EEG signal preprocessing, the EEG data were 
analyzed using the EEGLAB toolbox. We then applied inde-
pendent component analysis (ICA) within the EEGLAB 
toolbox to remove non-neural components, such as artifacts 
from muscle activation, eye movements, and heart activ-
ity (Delorme & Makeig, 2004). We calculated alpha power 
in regions of interest (ROIs), including the frontal (F3, Fz, 
F4), central (C3, Cz, C4), and parietal (P3, Pz, P4) regions. 
To evaluate alpha wave activity, we employed the Welch 
method, utilizing a Hanning window function (Welch, 
1967). For the analysis, we applied a two-second time win-
dow with 50% overlap and a frequency resolution of 0.5 Hz 

(Wang et al., 2020). This approach enables us to estimate the 
power of low alpha (8–10 Hz) and high alpha (10–12 Hz) 
waves, providing valuable insights into the neural mecha-
nisms underlying motor control and learning during the golf 
putting task.

Behavioral data analysis

In our study, we sought to assess the effect of physical prac-
tice on golf putting task by measuring accuracy (MRE), bias 
(SRE), and consistency (BVE). To measure MRE, SRE, and 
BVE, the coordinates of the ball stop position were recorded 
in two dimensions (X and Y axes), and then the obtained 
points were placed in the radial error (RE) formula to obtain 
performance accuracy. MRE represents the average devia-
tion of the ball from the hole, with lower scores indicating 
more accurate movement. The formula for MRE is as fol-
lows: MRE = RE =
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2 , where "m" is the number of trials "xC" is 
the mean constant error on the X-axis, and "yC" is the mean 
constant error on the Y-axis. Lastly, bivariate variable error 
(BVE), a measure of performance consistency in two dimen-
sions, was determined as the square root of the mean squared 
distance of a subject's k shots from their centroids in centim-
eters. The BVE was calculated using this formula: 
BVE =
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2 , where "k" is 
the number of trials and "i" is the specific trial (for further 
details, refer to Hancock et al., 1995).

Statistical analysis

A 2 × 2 × 3 mixed-factorial ANOVA was conducted sepa-
rately for low and high alpha power, with factors including 
Group (practice, control), Time of measurement (pre-test, 
post-test), and Region (frontal, central, parietal). To evaluate 
the performance of the practice group during the acquisition 
phase, a within-subjects ANOVA was performed for each 
dependent variable (MRE, SRE, BVE), considering factors 
Day (3 levels) and Block (10 levels). For the comparison 
between groups, a 2 × 3 × 3 mixed ANOVA (factors: group, 
time of measurement, and variable: MRE, SRE, BVE) was 
conducted, with Group as a between-subjects (BS) factor 
and Time of measurement as a within-subjects (WS) factor. 
Assumptions of ANOVA were checked, including normality, 
equality of covariances, and error variances. Shapiro–Wilk 



	 Psychological Research (2025) 89:5959  Page 10 of 22

and Levene’s tests assessed normality and homoscedasticity, 
respectively. Wilks' lambda was used when the assumption 
of covariance homogeneity was not met, and the Green-
house–Geisser correction was applied when sphericity was 
violated. A significance level of p ≤ 0.05 was set for all 
analyses, and the effect size was calculated as partial eta-
squared (ηp2).

Results

Cognitive results

Pre‑test

We measured cognitive structures by calculating mean group 
dendrograms via cluster analysis. As seen in Fig. 3, control 
and practice groups' constructed dendrograms as a result of 
hierarchical cluster structural dimensional analysis, do not 
show any significant clustering of the linked BACs so that 
all the links of the dendrograms are higher than the criti-
cal value (dcrit = 3.41, the horizontal red line; a = 0.05). This 
result reveals that the cognitive structures of both groups are 
not significantly different at the pre-test phase.

Post‑test

The results of the analysis of structural dimensional indicate 
links of the dendrogram of the control group are all higher 
than the critical value (dcrit = 3.41) whereas due to physi-
cal practice, the cognitive structure of the practice group 
(the mean dendrograms) changed after the acquisition phase 
and became significantly more complex so that three distinct 
functional clusters related to different phases of the action 
have formed at the post-test compared to the pre-test.

The first significant cluster related to the preparation 
phase consists of BACs 1 to 3. This cluster is comprised 
of shoulders parallel to target line (BAC 1), align club face 
square to target line (BAC 2), and grip check (BAC 3). The 
second significant cluster is related to the backswing phase 
of the golf putting task, comprising rotate shoulders away 
from the ball (BAC 5), and keep arms-shoulder triangle 
(BAC 6). The third significant cluster encompasses BACs 
associated with the impact and follow-through phases. This 
cluster consists of follow-through (BAC 12), rotating the 
shoulders through the ball (BAC 13), decelerate club (BAC 
14), direct clubhead to the planned position (BAC 15), and 
look at the outcome (BAC 16). These five BACs are illus-
trated in Fig. 4, where only those below the horizontal red 
line are identified as significant concepts.

Furthermore, although three significant clusters were 
identified in the cognitive structure of the practice group 
(mean dendrograms) following the acquisition phase, the 

cognitive results indicated six basic concepts that did not 
achieve significance in the post-test. Specifically, as shown 
in Fig. 4, the following concepts were not significant: From 
the preparation phase, look to the hole (BAC 4); from the 
backswing phase, transition smoothly (BAC 7); from the 
forward swing phase, both rotate shoulders toward the ball 
(BAC 8) and accelerate the club (BAC 9); from the impact 
phase, two out of three concepts, impact with the ball (BAC 
10) and club face square to target line at impact (BAC 11), 
were not significant.

In addition to examining group dendrograms to analyze 
structural dimensions, the homogeneous created cluster 
solutions were evaluated for (structural) invariance within-
group and between groups. The results of statistical analyses 
of within-group invariance to compare the cognitive struc-
ture revealed no significant difference between the cluster 
solutions of the control group in the post-test compared to 
the pre-test phase (λ > λcrit = 0.68); in contrast, inter-group 
invariance analysis showed that the cognitive structure of 
practice groups in the post-test is significantly different from 
the pre-test (λ = 0.45 < λcrit = 0.68). Moreover, the between-
groups invariance analysis of cluster solutions revealed that 
the cognitive structure of the two practice and control groups 
were significantly different (λ = 0.39 < λcrit = 0.68) at post-
test so that, the cognitive structure of the practice group have 
become more organized and complex (see Fig. 4).

EEG results

Low‑alpha Power

A mixed-factorial ANOVA with one between-subjects fac-
tor (Group) and two within-subjects factors (Time and ROI) 
revealed a significant main effect for Group, F(1,28) = 4.719, 
p = 0.009, ηp2 = 0.353, and power = 0.846. Additionally, 
there was a significant main effect for Time, indicating that 
low alpha power increased from the pre-test to the post-test, 
F(1,28) = 13.315, p < 0.001, ηp2 = 0.606, and power = 0.999. 
A significant Group × Time interaction was also observed, 
F(1,28) = 7.732, p = 0.001, ηp2 = 0.471, and power = 0.974.

Further analysis using a within-subjects ANOVA revealed 
that the time of measurement significantly affected low 
alpha power across different regions of interest (ROI); 
frontal region, F(1,28) = 13.960, p = 0.001, ηp2 = 0.328, 
and power = 0.946; central region, F(1,28) = 37.333, 
p < 0.001, ηp2 = 0.571, and power = 1; and parietal region, 
F(1,28) = 12.862, p = 0.001, ηp2 = 0.315, and power = 0.933. 
These results indicate that the practice group's low alpha 
power significantly increased in all three ROIs (see Fig. 5). 
A significant interaction effect of Group × Time was found 
in the frontal region, F(1,28) = 9.076, p = 0.005, ηp2 = 0.245, 
and power = 0.828; central region, F(1,28) = 21.805, 
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p < 0.001, ηp2 = 0.438, and power = 1; and parietal region, 
F(1,28) = 5.837, p = 0.022, ηp2 = 0.172, and power = 0.645.

Additionally, a between-subjects ANOVA indicated that 
the group factor significantly affected alpha power in the 
central region, F(1,28) = 8.182, p = 0.008, ηp2 = 0.226, and 
power = 0.778; and parietal region, F(1,28) = 3.958, p = 0.05, 
ηp2 = 0.124, and power = 0.485. These results demonstrate 
a significant difference between the practice and control 
groups. However, no significant effect was observed in the 
frontal region, F(1,28) = 2.964, p = 0.09, ηp2 = 0.096, and 
power = 0.383. As shown in Fig. 5, the practice group's low 
alpha power significantly increased in the central and pari-
etal regions from the pre-test to the post-test, while no sig-
nificant increase was noted in the control group.

High‑alpha power

A mixed-factorial ANOVA revealed a significant main effect 
for Time, indicating that high alpha power increased from 
the pre-test to the post-test, F(1,28) = 12.315, p < 0.001, 
ηp2 = 0.587, and power = 999. However, no significant 
main effect for Group was found, F(1,28) = 2.473, p > 0.05, 
ηp2 = 0.222, and power = 0.547. A significant Group × Time 

interaction was also seen, F(1,28) = 12.921, p < 0.001, 
ηp2 = 0.599, and power = 999.

Within-subjects ANOVA indicates that the time factor has 
a significant effect on high alpha power in the frontal region, 
F(1,28) = 9.947, p = 0.004, ηp2 = 0.262, and power = 0.861; 
central region, F(1,28) = 35.679, p < 0.001, ηp2 = 0.560, and 
power = 1; and parietal region, F(1,28) = 5.877, p = 0.022, 
ηp2 = 0.173 and, power = 0.648. This indicates that high 
alpha power in the practice group significantly increased 
compared to the control group during the post-test phase 
relative to the pre-test phase (see Fig. 6). A significant inter-
action effect of Group × Time was seen in the frontal region, 
F(1,28) = 10.148, p = 0.004, ηp2 = 0.266 and, power = 0.867; 
central region, F(1,28) = 35.909, p < 0.001, ηp2 = 0.562, and 
power = 1; and parietal regions, F(1,28) = 4.298, p = 0.047, 
ηp2 = 0.133, and power = 0.517.

Between-subjects ANOVA showed a significant differ-
ence between groups in the central region, F(1,28) = 5.188, 
p = 0.031, ηp2 = 0.156, and power = 0.595; however, no 
significant differences were observed in the frontal region 
F(1,28) = 1.029, p > 0.05, ηp2 = 0.035, and power = 0.165; 
and parietal region F(1,28) = 2.509, p > 0.05, ηp2 = 0.082, 
and power = 0.334. As illustrated in Fig. 6, high alpha power 

Fig. 5   Results of the low alpha power (8–10 Hz) at frontal, central, and parietal regions of the brain
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significantly increased in the practice group during the post-
test, while no increase was observed in the control group.

Behavioral results

Acquisition phase

A 3 (day) × 10 (block) within-subjects ANOVA over MRE 
revealed a significant main effect of day, F(2,28) = 17.121, 
p < 0.001, ηp2 = 0.550, and power = 991, as well as a sig-
nificant main effect of block, F(9,126) = 3.443, p = 0.001, 
ηp2 = 0.197, and power = 0.973. The day by block interac-
tion, F(18,252) = 0.771, p > 0.05, was not significant. For 
bias, a 3 × 10 within-subjects ANOVA on SRE indicated a 
significant main effect of day, F(2,28) = 6.926, p = 0.004, 
ηp2 = 0.331, and power = 0.894. A significant main effect 
of block, F(9,126) = 2.117, p = 0.033, ηp2 = 0.131, and 
power = 0.859, as well as the day by block interaction, 
F(18,252) = 0.382, p > 0.05, was not significant. For con-
sistency, a 3 × 10 within-subjects ANOVA on BVE indicated 
a significant main effect of day, F(2,28) = 5.680, p = 0.009, 
ηp2 = 0.289, and power = 0.823, as well as a significant 
main effect of the block, F(9,126) = 3.235, p = 0.001, 

ηp2 = 0.188, and power = 0.976. The day × block interaction, 
F(18,252) = 0.365, p > 0.05, was not significant. Therefore, 
for the three dependent MRE, SRE, and BVE variables, per-
formance improved during the acquisition phase (see Fig. 7).

Pre‑, post‑, and retention‑test

A 2 (Group) × 3 (Time) × 3 (MRE, SRE, BVE) three-way 
repeated measure ANOVA revealed a main effect for group, 
F(1,28) = 3.424, p = 0.032, ηp2 = 0.283, and power = 0.702; 
and a main effect for time of measurement F(2,56) = 5.303, 
p = 0.001, ηp2 = 0.580, and power = 0.976. Repeated meas-
ure ANOVA showed no significant interaction effects 
between group and time (p > 0.05). Within-subjects ANOVA 
on MRE, F(2,56) = 15.416, p < 0.001, ηp2 = 0.335, and 
power = 1, SRE, F(2,56) = 9.554, p = 0.001, ηp2 = 0.254, 
and power = 0.975, and BVE, F(2,56) = 6.753, p = 0.002, 
ηp2 = 0.194, and power = 0.903 revealed a significant 
main effect of time. According to the pairwise comparison 
although from the pre-test to the post-test phase time is a 
significant factor on MRE, SRE, and BVE, no significant 
difference was observed from the post-test to the retention 
phase (p > 0.05). Figure 8 presents means of groups at pre, 

Fig. 6   Results of the high alpha power (10–12 Hz) at frontal, central, and parietal regions of the brain
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post- and, retention- test for the three dependent variables 
(MRE, SRE, and BVE).

Between-subjects ANOVA on MRE, SRE, and 
BVE showed a significant main effect of the group, 
and the performance of the practice and the control 
groups have a significant difference. Pairwise compari-
sons indicated that MRE, F(1,28) = 5.270, p = 0.029, 

ηp2 = 0.158, and power = 0.601; SRE, F(1,28) = 4.358, 
p  = 0.05,  ηp2 = 0.157,  and power = 0.625;  and 
BVE, F(1,28) = 9.172, p = 0.005, ηp2 = 0.247, and 
power = 0.832, decreased significantly from pre-test to 
post-test, as well as from pre-test to retention test in the 
practice group in comparison to the control group (see 
Fig. 8).

Fig. 7   The figure illustrates the practice group's average scores for accuracy (MRE), bias (SRE), and consistency (BVE). As indicated, the prac-
tice group's average scores for MRE, SRE, and BVE decreased significantly during the acquisition phase

Fig. 8   The figure presents the average scores for the practice and con-
trol groups in the variables of accuracy (MRE), bias (SRE), and con-
sistency (BVE). The data reveals that the practice group's scores for 
MRE, SRE, and BVE significantly decreased from the pre-test to the 

post-test, as well as from the pre-test to the retention test when com-
pared to the control group. In contrast, the average scores for the con-
trol group did not show any significant decrease in the MRE, SRE, or 
BVE variables during the pre-test and retention test
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Discussion

The present study aimed to investigate the motor learning 
process across cognitive, neurophysiological, and behavio-
ral domains. Specifically, it examined cognitive structures, 
low and high alpha wave power, and motor performance 
outcomes in both practice and control groups.

The adaptation of cognitive structures in motor 
learning

Based on our first hypothesis, we expected physical prac-
tice to develop cognitive structures relevant to task per-
formance, potentially leading to improved skill execution. 
The cognitive findings of our study support this hypoth-
esis, as the practice group developed a more organized and 
complex cognitive structure, which is essential for skill 
acquisition. This enrichment in cognitive structures was 
accompanied by improved performance outcomes, rein-
forcing the idea that physical practice facilitates cognitive 
development relevant to task execution. These findings 
align with previous research, indicating that motor learn-
ing is associated with functional adaptations in cognitive 
structures (Schack, 2004; Schack & Frank, 2021). Nota-
bly, we discovered that the basic action concepts (BACs) 
associated with the beginning and end of the golf putting 
skill were significant. These include BAC 1, BAC 2, BAC 
3, BAC 5, BAC 6, BAC 12, BAC 13, BAC 14, BAC 15, 
and BAC 16. In contrast, the BACs located in the middle 
of the sequence—BAC 4, BAC 7, BAC 8, BAC 9, BAC 10, 
and BAC 11—were not significant. This finding supports 
the “serial position effect,” also known as the “primacy-
recency effect,” which suggests that items presented at the 
beginning and end of a sequence are recalled more eas-
ily than those in the middle (Magill & Anderson, 2017; 
Raanaas & Magnussen, 2006).

Existing literature supports the idea that cognitive 
structures can become increasingly organized and com-
plex through various practice methods, including physical, 
observational, mental practice, and combined approaches. 
Instructions—whether implicit or explicit—along with 
psychological interventions, such as cognitive and behav-
ioral routines, facilitate these functional changes (Frank 
et al., 2018; Land et al., 2014; Simonsmeier et al., 2018). 
For example, previous studies have shown significant 
functional changes in the cognitive structures of partici-
pants engaged in physical practice on the golf putting task, 
whereas no similar improvements were noted in the control 
group (Frank et al., 2013). Additionally, research explor-
ing the effects of different focus instructions (internal vs. 
external) on mental representation development indicated 

that participants instructed with an external focus exhib-
ited more substantial advancements in their mental repre-
sentation (Land et al., 2014). Another study has examined 
the influence of mental and physical practice on cognitive 
structures, quiet eye behavior, and performance results in 
three conditions physical, combined (physical and mental), 
and no practice. The findings of this study have shown 
that the combined practice group exhibited more accurate 
cognitive structures and maintained longer periods of quiet 
eye behavior compared to the no-practice group (Frank 
et al., 2016). Furthermore, Fazeli et al. (2017) examined 
cognitive structures involved in golf putting using both 
blocked and random practice methods, discovering that 
the random practice group’s cognitive structures closely 
resembled those of proficient golfers. Moreover, Kim et al 
(2017). demonstrated that cognitive structures improved 
with observational and mental practice, revealing a sig-
nificant positive correlation between cognitive structure 
development and motor performance. Meier et al. (2020) 
explored the influence of analogy and explicit instructions 
on cognitive structures and performance in intermediate-
level tennis players, finding that both instructional meth-
ods enhanced cognitive structures in tennis serve perfor-
mance. Collectively, these findings underscore the critical 
role of cognitive structures in motor skill learning (Schack 
& Frank, 2021). Based on our cognitive results and the 
research literature in this field, we conclude that cognitive 
concepts (such as basic action concepts), structures, and 
knowledge are formed during the motor learning process, 
ultimately leading to a more complex and organized cogni-
tive architecture for golf putting skill over time.

The adaptation of neurophysiological structures 
in motor learning

In our research, we hypothesized that the motor learning 
process involves simultaneous cognitive, neurophysiologi-
cal, and behavioral adaptations. Therefore, our second objec-
tive was to investigate brain function to assess the neuro-
physiological changes associated with motor learning. We 
anticipated that physical practice would lead to an increase 
in both low alpha power (8–10 Hz) and high alpha power 
(10–12 Hz) across the brain's frontal, central, and parietal 
regions, which are associated with successful motor execu-
tion. Specifically, we measured low alpha power (8–10 Hz) 
and high alpha power (10–12  Hz) in areas responsible 
for motor planning, motor control, and integrative func-
tions. Our neurophysiological results indicated significant 
increases in both low and high alpha power within the fron-
tal, central, and parietal regions for the practice group, while 
the control group showed no significant changes. However, 
it is important to acknowledge that these interpretations are 
based on an average across a 4-s epoch, which may mask 
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specific effects occurring during the preparatory and execu-
tion phases of movement. Our findings support our hypoth-
esis and align with previous research indicating that learn-
ing and expertise are associated with changes in brain wave 
patterns.

For example, researchers have noted changes in brain 
wave patterns associated with learning and expertise. 
Landers et al. (1994) reported an increase in alpha power in 
the left hemisphere following learning. Kerick et al. (2001) 
observed an increase in alpha power in the temporal and 
occipital regions. Haufler et al. (2000) found increased alpha 
power in the left hemisphere of skilled individuals before 
shooting, with no difference in the right hemisphere. Taliep 
and John (2014) discovered that skilled individuals exhibit 
more alpha power in the left temporal region compared 
to novices. Parr et al. (2019) observed skilled individuals 
exhibit more alpha power in various brain regions. Addi-
tional research supports our findings, Smith et al. (1999) 
observed increased theta power in the middle frontal region 
and increased alpha power in the occipital region after prac-
ticing a computer game. Kim et al. (2014) found greater 
neural activity in the supplementary motor area (SMA), 
temporoparietal area, superior frontal area, and cerebel-
lum in elite and expert archers compared to novice archers. 
Recently, Abdoli et al. (2024) reported that skilled golfers 
demonstrate more mu rhythm in the central areas (motor 
cortex) than their novice counterparts.

Specifically, numerous studies have highlighted the sig-
nificance of frontal alpha activity in cognitive functions, par-
ticularly in relation to attentional focus, which is essential 
for effective exercise performance. For instance, Blomstrand 
and Engvall(2021) and Smith et al. (2010) demonstrate that 
increased frontal alpha activity is linked to improved atten-
tional focus during complex motor tasks. This correlation is 
further supported by Hosang et al. (2022), who notes that 
enhanced cognitive processing during exercise facilitates 
greater alpha modulation in frontal regions. Additionally, 
Ammar et al. (2024) emphasizes that while alpha frequency 
(8–13 Hz) in the parietal-occipital region generally increases 
irrespective of the motor learning model, variations in alpha 
activity across other frontal and motor areas depend on 
the specific learning paradigms employed. This suggests 
a nuanced relationship between frontal alpha activity and 
performance, which can vary based on training context. Sup-
porting this premise, research by Enders et al. (2016) and 
Gutmann et al. (2018) indicates overall increases in alpha 
activity across frontal areas during endurance tasks, sug-
gesting that heightened alpha may improve coordination and 
cognitive processing among skilled practitioners. Similar 
findings by Gallicchio et al. (2016) in shooting indicate that 
higher alpha levels in non-motor areas, combined with lower 
alpha in motor regions, correlate with improved shooting 

accuracy, suggesting that increased frontal alpha activity 
aids in maintaining focus and managing cognitive load.

These researchers believe that increased frontal alpha 
activity is linked to improved cognitive functions, such as 
attentional focus and cognitive control, which are essential 
for effective task execution. Taken together, this body of 
evidence suggests that experts exhibit higher alpha, theta, 
mu, and SMR power in certain brain regions such as frontal, 
temporal, central, parietal, and occipital (Abdoli et al., 2024; 
Baumeister et al., 2008; Bertollo et al., 2020; Cheng et al., 
2015; Cooke et al., 2014; Del Percio et al., 2009; Parr et al., 
2019, 2021). This indicates that expertise and successful 
performance are characterized by an increase in brain wave 
power in these regions (Hatfield et al., 1984; Kerick et al., 
2001; Loze et al., 2001).

In contrast to the increase of alpha power in different 
regions of the brain, some studies have shown that experts 
have lower alpha power than amateurs. For example, some 
researchers believe that with the increase in skill level, the 
alpha power in the central regions (Babiloni et al., 2008; 
Cooke et al., 2014) or in the middle frontal, central (motor 
sensory), and parietal regions also decreases (Wang et al., 
2020). A reduction in alpha power is especially reported 
at the left temporal region which researchers believe may 
reflect cognitive analysis of the task (Deeny et al., 2003). For 
example, Hatfield and Hillman (Hatfield & Hillman, 2001) 
and Janelle et al. (Janelle et al., 2000) observed that left tem-
poral alpha power is lower in experts compared to novices. 
Hatfield and colleagues (Hatfield et al., 1984) also recorded 
the brain activity of elite shooters during shooting and found 
that during a verbal task, the alpha power between the right 
(T4) and left (T3) temporal lobes was higher, whereas the 
alpha power between these two locations was lower dur-
ing doing a spatial task. Considering that Hatfield and col-
leagues observed that brain activity decreases in the left 
hemisphere compared to the right hemisphere, they inferred 
that this decrease indicates the efficiency of information pro-
cessing (Hatfield et al., 1984). Also, Neuper and Pfurtschel-
ler (2001) and Pfurtscheller (1992) found that alpha activity 
diminishes over motor areas of the cortex before and during 
movement, reflecting the brain’s preparation for motor tasks 
and a strategic reallocation of cognitive resources to areas 
directly involved in during movement execution. Cooke et al. 
(2014) and Hatfield et al. (2004) explain that in precision 
sports, skilled athletes often show decreased frontal alpha 
activity as they concentrate their cognitive efforts on exe-
cuting movements accurately. This decline helps suppress 
irrelevant cognitive processes, enhancing motor control. The 
findings by Brady (2004) further support this perspective, 
indicating that expert performers exhibit lower frontal alpha 
activity during high-stakes situations, which may aid their 
ability to manage distractions and maintain focus.
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The dual perspective on alpha activity reveals a com-
plex interplay between cognitive processes and motor 
control. On one hand, the increase in alpha activity can 
signify enhanced attentional focus and cognitive engage-
ment necessary for skilled performance. On the other 
hand, the decrease in alpha activity suggests a dynamic 
reallocation of cognitive resources aimed at optimizing 
motor execution. Understanding this delicate balance is 
key to enhancing training methodologies and cognitive 
strategies. Researchers propose that experts demonstrate 
greater neural efficiency than novices through more effec-
tive cortical functioning, resulting in expert-level per-
formance achieved with minimal energy expenditure in 
cognitive-motor processes (Deeny et al., 2009). This aligns 
with the psychomotor efficiency hypothesis proposed by 
Hatfield and Hillman (2001), which posits that experts 
exhibit more appropriate cortical processing when per-
forming tasks. Such efficient processing inhibits irrelevant 
cognitive-motor processes while enhancing those that are 
relevant, ultimately leading to successful performance 
(Hatfield & Hillman, 2001; Hatfield et al., 1984; Hatfield 
2018). During the motor learning process, neuronal cir-
cuits undergo refinement: unused and unnecessary neu-
ral connections and networks diminish or are lost, while 
those utilized become strengthened, and new connections 
are formed. This dynamic is supported by recent findings 
indicating that the neural networks associated with task 
execution increase as skill levels improve (Hedrick et al., 
2024). Our neurophysiological results corroborate this, 
showing increases in both low and high alpha power in 
the frontal region—associated with motor planning pro-
cesses (Haufler et al., 2000)—the central region—linked 
to motor execution (Schinke et al., 2016)—and the pari-
etal region—integral for integrating sensorimotor informa-
tion for planning (Ferri et al., 2015) and executing motor 
actions (Medendorp & Heed, 2019).

Altogether, we infer that as skill levels and motor learn-
ing progress, the neural connections and networks related to 
task execution not only increase but also undergo significant 
reorganization, resulting in the formation of new connec-
tions. This suggests that neural connections, structures, and 
networks are formed, developed, and strengthened over time 
due to repetitive practicing of a specific skill (golf putting 
task) and the continuous involvement of neural activities in 
the regions responsible for executing the skill. In this study, 
an increase in alpha power in the relevant regions during 
execution and control of the skill represents this construc-
tion and formation. We propose that because the brain can 
undergo significant neurophysiological changes over time, 
the process of constructing neurophysiological structures is 
essentially the learning process from the neural domain. This 
perspective emphasizes that motor learning is not merely a 
cognitive or behavioral outcome but is deeply rooted in the 

evolving neural architecture that underpins skill acquisition 
and performance.

The adaptation of behavioral structures in motor 
learning

Researchers suggest that motor learning leads to changes in 
motor behavior (Schmidt et al., 2018). Therefore, we inves-
tigated the hypothesis that motor learning encompasses 
changes beyond just cognitive and neurophysiological 
dimensions. Accordingly, we expected physical practice to 
reduce performance errors, including inaccuracies, biases, 
and inconsistencies. The behavioral results demonstrated 
that the practice group showed a significant reduction in 
execution errors over time, while the control group did 
not exhibit any improvement in motor performance errors. 
This finding supports our hypothesis that physical practice 
enhances performance by reducing errors and improving 
skill execution.

These findings support previous research by Frank et al. 
(2013), who studied the effects of physical practice on 
motor performance in a golf putting task, revealing signifi-
cant improvements in the practice group compared to the 
control group. Moreover, various methods of practice and 
instructions have been found to enhance motor performance 
in golf putting task. For example, studies have shown that 
external attention, as opposed to internal attention, leads to 
increased motor performance (accuracy) in golf putting task 
(Bell & Hardy, 2009; Land et al., 2014; Wulf & Su, 2007; 
Wulf et al., 1999). An experiment assessed whether inter-
nal or external attention instructions influence skill devel-
opment; findings suggested that the external focus group 
performed with greater accuracy in golf putting task (Land 
et al., 2014). Additionally, a study by Frank et al. (2016) 
examined the effect of different practice methods (includ-
ing physical, a combination of physical and mental, and no 
practice) on golf putting skill. The study found that both 
physical practice and combined practice led to significant 
improvements in performance compared to no practice. In 
a study conducted by Fazeli et al. (2017), two groups were 
tested on their motor performance in golf putting skill using 
random and blocked practice methods. The study indicated 
that the group that practiced with random methods per-
formed better than the group that practiced with blocked 
methods. Kim et al. (2017) conducted a study to examine 
the motor performance of individuals in the golf putting task 
under four physical, observational, mental, and no-practice 
conditions. Their findings revealed that performance accu-
racy was improved and developed through the use of obser-
vational and mental practice. Furthermore, Schmidt et al. 
(2021) compared different practice groups in novice golf-
ers, including a contextual interference group, a differential 
learning group, an identical differential learning group, and 
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a control group. They found that all practice groups showed 
improved performance at post-test, with the variable prac-
tice groups demonstrating more stable retention compared 
to the control group. Based on the behavioral results that 
demonstrate a reduction in performance errors over time, 
along with improved consistency and accuracy in the prac-
tice group (see Figs. 7 and 8), we propose that the process 
of constructing behavioral structures and modifying motor 
behavior can be viewed as integral to the motor learning 
process from a behavioral perspective.

A holistic approach to understanding motor 
learning dynamics

Our main hypothesis is that motor learning involves simulta-
neous cognitive, neurophysiological, and behavioral adapta-
tions, which will increase with practice. The findings from 
this study provide compelling evidence in support of this 
hypothesis. After practice, the practice group exhibited a 
more organized and complex cognitive structure, increased 
alpha power in key brain regions, and a significant reduc-
tion in performance errors compared to the control group. 
Our findings suggest that motor learning leads to simultane-
ous cognitive, neurophysiological, and behavioral changes. 
Therefore, from a holistic perspective of the motor learning 
process, we propose that motor learning involves the con-
current development of knowledge and/or cognitive, neuro-
physiological, and behavioral structures over time.

The cognitive, neurophysiological, and behavioral 
adjustments observed in our study highlight the complex 
relationship between cognitive processes and motor behav-
ior, supporting the perceptual-cognitive approach to motor 
learning. This approach emphasizes how cognition and 
action are interconnected, suggesting that effective motor 
learning depends on the dynamic interaction between these 
two domains (Schack, 2004). Specifically, successful motor 
learning relies on the ability to plan and execute actions 
based on anticipated perceptual outcomes (Prinz, 1997). The 
perceptual-cognitive approach argues that motor actions are 
not solely generated by internal motor programs; instead, 
they are strategically planned and executed in accordance 
with expected perceptual effects (e.g., Frank et al., 2024; 
Hoffmann, 1993; Hommel et al., 2001; Jeannerod, 2001; 
Knuf et al., 2001; Kunde, 2001; Prinz, 1997; Schack, 2004). 
This contrasts with the ecological approach, which primar-
ily focuses on environmental influences and organisms do 
not need cognitive structures or mental representations to 
perceive their surroundings or to perform actions (Gib-
son, 1979; Turvey, 1991). Instead, the perceptual-cogni-
tive approach acknowledges the crucial role of cognitive 
structures and environmental affordances (e.g., Hoffmann, 
1993; Hommel et al., 2001; Jeannerod, 2001; Knuf et al., 
2001; Kunde, 2001; Prinz, 1997; Schack, 2004), leading to 

a comprehensive understanding of how these factors interact 
throughout the motor learning process. Furthermore, this 
approach recognizes that cognitive structures evolve over 
time, enabling individuals to progress from simple repre-
sentations to more complex and organized frameworks as 
they gain experience (Schack, 2004; Schack & Frank, 2021). 
Consequently, it underscores the importance of cognitive 
flexibility and the development of rules related to sensory 
parameters and the consequences of movement—areas that 
are often overlooked in the ecological approach. Such cog-
nitive flexibility is crucial for refining skills in response to 
changing conditions and task demands; whereas, movement 
variability remains a challenge that the cognitive approach 
has yet to adequately address.

Recognizing the valuable contributions of the perceptual-
cognitive approach, our “holistic motor learning approach” 
aims to expand this understanding by integrating cognitive, 
neurophysiological, and behavioral dimensions. While we 
appreciate these insights, we propose that motor learning 
encompasses more than cognitive structures alone; it also 
involves significant changes in neurophysiological and 
behavioral structures. Our holistic approach maintains the 
core principles of the perceptual-cognitive approach while 
emphasizing the simultaneous interplay of cognitive, neu-
rophysiological, and behavioral changes during the motor 
learning process. This broader approach captures the com-
plexity of motor learning, highlighting that effective skill 
acquisition is influenced by a multifaceted array of factors 
that work together. By considering these dimensions, our 
holistic approach enhances the existing framework, provid-
ing a broader perspective that addresses the complex nature 
of human motor learning and enriches emerging theories in 
the literature.

Limitations and future directions

During the retention phase of the study, we faced challenges 
with participant retention, as some individuals chose to opt 
out of EEG recordings due to concerns about fatigue. To 
respect their autonomy and adhere to ethical standards, we 
allowed participants to perform the golf skill task without 
EEG recording on the final day (the retention phase). While 
this decision prioritized participant choice, it resulted in the 
absence of neurophysiological data for our analysis during 
this phase. The lack of brain activity assessment in the reten-
tion phase may limit our insights into long-term learning 
processes. Nevertheless, our findings enhance the under-
standing of immediate learning dynamics and the interaction 
between cognitive and motor performance. Future research 
should focus on strategies to improve participant comfort 
and retention, enabling a more comprehensive analysis of 
neurophysiological data throughout all learning phases. 
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Additionally, the absence of kinematic data in our study (due 
to some challenges) limited our ability to fully understand 
the motor learning process. While we assessed motor perfor-
mance through execution errors, future research incorporat-
ing kinematic measures could provide deeper insights into 
movement quality and the strategies involved in skill acqui-
sition and retention. These limitations should be considered 
when interpreting our findings.

Conclusion

This study provides compelling evidence that motor learn-
ing involves significant cognitive, neurophysiological, and 
behavioral adaptions. 1. Our cognitive findings indicate that 
the practice group developed a more organized and complex 
cognitive structure compared to the control group. 2. Our 
neurophysiological findings revealed increases in both low 
and high alpha power in the frontal, central, and parietal 
brain regions in the practice group, while the control group 
exhibited no notable changes. 3. Our behavioral findings 
demonstrated that the practice group showed a reduction in 
execution errors over time, in contrast to the control group, 
which displayed no improvement in motor performance.

This study offers a more comprehensive understanding of 
the motor learning process by highlighting the simultaneous 
development of cognitive, neurophysiological, and behav-
ioral aspects. This holistic perspective enhances theoretical 
insights and provides practical implications for coaches and 
athletes. It allows them to design effective training programs 
that address the multifaceted nature of skill acquisition. 
Future research should continue to explore the connections 
between these dimensions to clarify the complexities of 
motor learning further.
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