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Introduction: Self-efficacy (SE), defined as an individual's belief in their ability
to complete a task, is linked to top-down attentional control, influencing
motor performance in sports. Although the behavioral effects of SE are
well-documented, there is a lack of research on the mechanisms through
which SE affects sports performance. Our research aims to elucidate the
neurophysiological mechanisms that underlie the impact of self-efficacy on
sports performance. Specifically, we intend to explore the effects of low and high
SE on frontal midline theta (Fm®6) activity, associated with sustained top-down
attention, and on motor performance.

Methods: We recruited thirty-four professional golfers to perform 60 putts,
during which their electroencephalographic activity was monitored. SE levels
were assessed using a visual analog scale from 0 to 10 before each putt, with
scores categorized into higher or lower SE based on each golfer’s individual
average score.

Results: Paired t-tests indicated that trials with higher SE scores had a
higher putting success rate than those with lower SE scores (53.3% vs. 46.7%).
Furthermore, trials associated with higher SE scores exhibited lower Fm6 activity
compared to those with lower SE scores (4.49 vs. 5.18).

Discussion: Our results suggest that higher SE is associated with reduced
top-down attentional control, leading to improved putting performance. These
findings support Bandura's theory of SE, which suggests that the effects of
efficacy beliefs are mediated by cognitive, motivational, emotional, and decision-
making processes. This study sheds light on the intermediate processes of SE by
examining its impact on the anticipation of outcomes, sports performance, and
attentional control prior to putting.

KEYWORDS

self-efficacy, frontal midline theta, attention, sports performance, golf-putting

Highlights

o Identifying the cognitive-motor processes of superior performance can provide
crucial information not only for accelerating the motor learning process but also for
enhancing motor performance.

« Putting with higher SE was followed by less top-down attentional control, a
characteristic of automatic processing, leading to better putting performance.

o Our findings support Bandura’s SE theory, which posits that processes by which
efficacy beliefs produce their effects are mediated by cognitive, motivational,
emotional, and selection processes.
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e The findings indicate that attentional control is a potential
mediator of the relationship between SE and sports
performance.

1 Introduction

Self-efficacy (SE) refers to individuals’ belief in their abilities
to complete a task or master a situation successfully (Bandura,
1997). In addition, SE can be considered situationally specific
self-confidence, especially in sports (Feltz, 1988, 2007). Previous
studies have recognized SE as a main determinant of successful
performance (Moritz et al., 2000). Theoretical studies and meta-
analyses have determined a strong relationship between SE and
sports performance. For example, a meta-analysis of 41 studies
demonstrated a moderate correlation between SE and sports
performance, with an average correlation coefficient of 0.25 (95%
confidence interval [CI]: 0.19, 0.30); the studies analyzed had
minimal evidence of publication bias (Lochbaum et al., 2022).
In addition, empirical studies have indicated that SE resulting
from the successful practice of a motor task predicts performance
on subsequent motor learning tests (Stevens et al., 2012; Pascua
et al., 2015). The increased expectations of learners regarding
their future successful performance can lead to even greater
success, improvement, and learning (Rosenqvist and Skans, 2015).
Moreover, compared with other psychological factors, SE can more
effectively predict performance in high-level competitions (Ercis,
2018).

SE theory assumes that SE exerts a positive and significant
effect on the performance of athletes. According to this theory, the
mechanisms underlying the effects of efficacy beliefs or perceptions
regarding SE on the outcomes of interest may be mediated
by cognitive, motivational, emotional, and selection processes
(Bandura, 1997). Various studies have demonstrated that higher
SE can affect attention priming and prioritization, leading to
increased attention to task-relevant cues and decreased attention
to less relevant clues (Themanson and Rosen, 2015). Studies have
identified an association of higher SE with increased attention
to task error cues (Themanson et al, 2008) as well as higher
response accuracy and faster reaction time during more difficult or
incongruent task conditions (Themanson and Rosen, 2015). When
action is planned and executed, higher performance expectancy
may act as a buffer or protect against responses that would hinder
optimal performance, such as nonbeneficial alternate responses,
including off-task activities (Jiao et al., 2015; Zahodne et al,
2015). However, limited empirical studies have genuinely tested
the theory (Lippke, 2020), especially the intermediate processes,
such as cognitive, motivational, emotional, and selection processes,
through which SE affects performance. Interestingly, most of
the aforementioned studies have focused only on performance
in cognitive tasks. The findings from these studies may not be
generalizable to sports performance, as the required task success
rates and movement patterns may differ.

Preaction top-down attentional control may play a key
role in the relationship between SE and sports performance.
According to the OPTIMAL (Optimizing Performance through
Intrinsic Motivation and Attention for Learning) theory (Wulf
and Lewthwaite, 2016), it explains the mechanisms underlying
the association of SE with sports performance. This theory
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proposes that enhanced performance expectancy and prevented
or reduced self-focus (or other off-task activity) contribute to
effective goal-action coupling by preparing the motor system
for task execution (Wulf and Lewthwaite, 2016; Lewthwaite and
Wulf, 2017). High performance expectations appear to prepare
the performer for successful movements through their impacts on
attention and cognition, thus ensuring that objectives are effectively
aligned with desired actions. However, the neurophysiological
mechanisms underlying the association between SE with sports
performance remain unclear. Therefore, identifying attentional
control during preaction can provide critical information for
optimizing performance and the benefits of SE.

Research in the field of motor performance has indicated that
skilled performance can be “defined by high levels of automaticity,
minimum energy expenditure, and reduced movement times”
(Schmidt and Lee, 2014; Vickers and Williams, 2017, p. 5; Filho
et al, 2021). An number of neuroscience studies recently have
used electroencephalography, which can provide a high temporal
resolution of neural activity, to investigate and identify the
neurophysiological processes underlying athletic performance. For
example, recent research in self-paced sports observed a significant
decrease in Fm6 activity in experts compared to novices (Filho
et al., 2021). Although athletes need to engage and disengage
different areas of their brains to perform at optimal levels (i.e., brain
proficiency), their frontal lobe works at the lowest rate possible (i.e.,
transient hypofrontality), which may explain the reported feelings
of automaticity, control, confidence, and relaxation experienced by
skilled performers when performing at optimal levels (Williams
and Krane, 2020). This preaction hypofrontality (lower Fm6)
indicates decreased attention and working memory, which easily
facilitate automatic actions (Dietrich et al., 2003; Dietrich, 2006)
and sport performance in experts (Chen et al, 2022). The
hypofrontality phenomenon may illustrate the process through
which SE improves sports performance and explain the relationship
between SE and changes in attention. Specifically, higher self-
efficacy (SE) may influence pre-action attentional regulation, as
suggested by Themanson and Rosen (2015), with decreased Fm6
brain activity being linked to sport performance. Consequently,
Fm6 brain activity could act as a precise indicator for clarifying the
mechanisms through which SE impacts sports performance.

Integrating the above theories, the OPTIMAL theory of
sports performance can be supported by the principles of Self-
Efficacy (SE) theory (Bandura, 1997; Themanson and Rosen,
2015). SE may enhance sports performance by enhancing
expectations of outcomes, integrating goals and actions through
prioritized attention, and inhibiting attention to less relevant
task (as depicted in Figure 1). However, research on the
neurophysiological mechanisms underlying the SE effects of
sports performance is sparse. To provide new insights into
the neurophysiological mechanisms underlying the effects of SE
on sports performance, the present study utilized EEG and
investigated the effect of low and high SE on Fmf activity
that involves with top-down sustained attention and on the
motor performance in skilled golfers. To facilitate EEG recording,
we utilized a golf putting task that necessitates maintaining
motionlessness during data collection (Wang et al., 2019, 2020).
Considering that individuals with high SE may possess automatic
characteristics, such as reduced top-down attentional control
and working memory (as depicted in Figure 1), leading to
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FIGURE 1

Conceptual framework.

improved motor performance, we hypothesize that higher SE is
associated with enhanced golf-putting performance and lower
Fm6 power.

2 Methods
2.1 Participants

The study follows a Cross-sectional design, 34 right-handed
professional male golfers were recruited from the Greater Taipei
area between August 2020 and July 2021. The age of these golfers
ranged from 23 to 60 (mean age = 42.2 &+ 10.4) years, and they
had a mean experience of 11.2 (standard deviation [SD] = 7.3)
years playing golf and a mean handicap score of 16.4 (SD = 7.2).
According to United States Golf Association (USGA) statistics,
a handicap score of 15 reflects golf skills above 42.58% of male
golfers (United States Golf Association, 2024). The sample size was
determined based on an a priori power analysis using G*Power
3.1. Consistent with a previous electroencephalography study on
attentional instruction (Hunt et al, 2013), we set the following
input parameters for a paired ¢ test: alpha = 0.05, power = 0.80,
effect size = 0.33-0.50 (corresponding to nP? = 0.10-0.20), and
actual power = 0.80. We determined the sample size of 34 for
this study.

All the recruited participants met the following inclusion
criteria: (1) no history of neurological diseases and (2) right-
handed. All the participants provided an informed written consent.
This study was approved by the Research Ethics Committee of
National Taiwan Normal University (201912HM109). All study
procedures were carried out in accordance with the relevant
guidelines and regulations of the research ethics committee.

2.2 Procedure

Participants are required to come to the experiment once
and are asked not to consume any beverages containing alcohol
or caffeine within 24 hours prior to the test. Upon arriving
at the laboratory, written informed consent was obtained from
the participants. The participants were then fitted with a Lycra
electrode cap (Quick-cap, Neuroscan, Charlotte, NC, USA), and
impedance and signals were examined. The resting-state EEG data
of the participants were recorded first, followed by a minimum of 12
putting practice trials prior to the formal putting task. EEG signals
were recorded during the golf-putting task that consisted of 60 self-
paced trials, which were divided into six recording blocks (10 putts
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per block with an interblock interval of ~2 min). The total duration
of the experiment was ~2 h.

2.3 Measurements

2.3.1 Golf-putting task

The participants performed a putting task on an indoor
artificial golf green with a length of 572 cm and a width of 200 cm.
The hole diameter conformed to the standard size (10.8 cm). The
distance between the starting point and the hole was 3 m. During an
official competition, a golfer’s primary goal is to let the ball roll into
the hole. Professional golfers, on average, have a one-put probability
(success rate) of 40% when they put the ball from a distance of 3m
during the Professional Golfers’ Association Tour. This distance
determines the results of a golf game due to its medium difficulty.
To simulate an actual match, serial variable practice was used by
instructing participants to putt from three starting lines at their
own pace. Their objective was to let the ball roll into the hole.
The task variability was increased to enhance the participants’
engagement in the task. A successful putt was defined as the ball
rolling into the hole, whereas a failed putt was defined as the ball
not rolling into the hole.

2.3.2 SE

For self-efficacy assessment, we used a modified scale based on
Turner et al. (2008).

Specifically, participants were requested to their confidence
level on a visual analog scale (VAS) ranging from 0 to 10 before
each putt, where 0 indicated “not confident at all” and 10 indicated
“completely confident”. These were of the form: indicate how
confident you believe yourself to be putting task. The advantages
of this method are as follows: (1) the psychometric properties of
the VAS have received substantial support in previous research
(Davey et al, 2007; Hunt et al, 2013) and (2) the VAS can
be completed more rapidly and thus reduces interference for
participants (Watkins et al., 1994). Based on the median score,
individual SE scale scores were classified as high or low SE trials.

2.3.3 Electroencephalography recording and
analysis

During the putting task, electroencephalographic (EEG)
activity was recorded at 32 sites by using an elastic electrode
cap (Quick-Cap, Compumedics Neuroscan, Inc., Charlotte, NC,
USA) in accordance with a modified International 10-20 System.
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Ongoing EEG activity was referenced to the average of the
mastoids (Al and A2), with FPz serving as the ground electrode.
Electrooculographic (EOG) activity was recorded using four
electrodes placed at the outer canthus of each eye and above and
below the left orbit. EEG and EOG signals were recorded using
NeuroScan NuAmps software, version 4.5 (Neuroscan), with the
bandpass filter ranging from DC to 100 Hz and the notch filter set
at 60 Hz. The signals were sampled at a frequency of 1,000 Hz, and
the electrode site impedance was maintained below 10 k§2. Prior
to assessing performance, event marker data were collected using
an infrared sensor that detected the onset of each putt swing to
understand the preparation state (Chen et al., 2022; Wang et al,,
2022; Chueh et al,, 2023). The swing onset was defined as the
event when the participants moved the putter away from the ball
to initiate a backswing.

EEG data were processed using EEGLAB software on MATLAB
(Delorme and Makeig, 2004). During data processing, EEG
signals were filtered using an FIR filter with its digital bandpass
ranging from 1 to 50 Hz (6 dB/octave). To focus the independent
component analysis (ICA) computation on task-related activity,
data exceeding 2s before and after the event marker were
removed. ICA decompositions were performed using the infomax
algorithm with default settings in EEGLAB to extract sub-
Gaussian components (Bell and Sejnowski, 1995). Subsequently,
the icablinkmetrics function (version 3.1) was utilized to eliminate
ICA components related to eyeblink artifacts, and EEG signals were
reconstructed without these artifacts (Pontifex et al., 2017). The
average numbers of IC were excluded (2.68 £ 1.69). Continuous
EEG data was then segmented and extracted for a preparatory
period of 2 seconds immediately preceding the swing onset for
further analysis.

Epochs with amplitudes outside the range of +150 LV were
discarded. The average numbers of bad trial rejected were similar
for all the conditions (High-SE =3.68 & 7.33 and Low-SE = 2.63
+6.12).

Artifact-free epochs were fast Fourier transformed with a
Hamming window to compute the power spectral density (PSD)
of each frequency band with a 0.5-Hz bin. For electrodes, the PSD
values of the following regions of interest were averaged: F3, Fz, and
F4. The 6 power was extracted from the data in the 4-7.5Hz range
and The Alpha power was extracted from the data in the 8-13 Hz
range. The EEG power data were then naturally log-transformed
(In), as they violated the Shapiro-Wilk normality test (p < 0.05).
Performance-related EEG data were analyzed using a previously
reported procedure (Chueh et al., 2023).

2.4 Statistical analysis

Data were organized and transformed (such as addition,
subtraction, and average) using Excel. SPSS (version 23) was used to
perform all statistical analyses. Means and SDs were calculated for
all data. Based on the median scores of individual SE, each trial was
classified into either a high SE trial or a low SE trial. This research
applied a separate paired t-test to evaluate the variances in putting
success rates and Fm6 across trials with high self-efficacy (SE) and
low SE, under the condition that SE, putting success rates, and Fm6
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TABLE 1 Summary of behavioral and EEG outcomes.

Total High-SE Low-SE
Putting success rate 50.68 (15.10) 53.32(17.18) 46.86 (16.96)
(%)
SE (scales) 7.99 (1.31) 8.57 (1.27) 7.12 (1.58)
SE trials (/60 trials) 60 (0) 34.5 (12.5) 25.4(12.4)
Fm6 (nV) 4.85 (4.16) 4.49 (3.93) 5.18 (4.74)
FmAlpha (jLV) 2.74 (1.61) 2.66 (1.65) 2.77 (1.69)

are unrelated. we evaluated the degree of correlation among these
three variables. Should there be any correlation, the method will be
adjusted to employ ANCOVA. The ¢ test was chosen over multiple-
factor analysis of variance (ANOVA) to reduce the inflation of
type I error from the factors (familywise type I error) (Luck and
Gaspelin, 2017, p. 9-11). The o level was set at 0.05, and the effect
size was reported as dmatched (Cohen, 2013, p. 351), along with a
95% CI (Moher et al., 2010, Item 17a).

In a control analysis, to determine the task specificity of Ff in
the golf-putting task, ANOVA was used to examine differences in
F6 across different brain regions (FZ, PZ, and CZ). Furthermore,
in case of significant findings, a post hoc analysis was performed
to estimate effect sizes using partial N2 and Cohen’s d (for the
equation, see Dunlap et al., 1996). In addition, Alpha power has
been demonstrated to be a key indicator of focus and engagement,
not just in controlled laboratory settings but also when using
portable EEG technologies (Arnau et al, 2021). It's crucial to
conduct further control analyses to ascertain that the variations
observed are, in fact, primarily influenced by theta wave activity.

3 Results

1. A two-pair t test (high-SE vs low-SE) was performed to
investigate variations in the putting success rate and Fm6
prior to the execution of the putting task. The demographic
factors, putting success rate, and EEG findings are listed in
Table 1. To rule out some potential competing explanations,
we determined the correlation between 6 power at Fz and the
putting success rate.

2. Putting performance: the mean putting success rate of all
the participants was 50.7% =+ 15.1%. The putting success
rate significantly differed between the high- and low-SE
conditions, 33 = 2.97, p < 0.01, with the success rate being
higher in the high-SE condition than in the low-SE condition.
(53.3% > 46.7%).

3. EEG power: the Fm6 value significantly differed between the
high- and low-SE conditions, 33y = —2.37, p < 0.05, with the
Fm6 value being lower in the high-SE condition than in the
low-SE condition (4.49 < 5.18) (Figure 2).

4. Control analysis: to check the task specificity of 6 in the golf-
putting task, ANOVA was used to examine differences (HSE
- LSE) in 6 across different brain regions (Fz, Cz, and Pz).
The ANOVA showed a significant effect of brain regions in 6
power, F(1,32) = 3.77, p = 0.034, nf, = 0.19, with Fz (—0.61
+ 0.41) having larger differences than Cz (—0.14 % 0.17) and
Pz (—0.14 £ 0.11).
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(A) 6 power between high- and low-SE conditions. (B) Power spectrum at Fz between high- and low-SE conditions.

On the other hand, the Alpha values in both high-SE and
low-SE conditions are depicted in Figure 3, yet there are no
differences between these conditions. By the side, we didn’t find
any correlation between 6 power at Fz, SE, experience year and
the putting success rate.

4 Discussion

This study employed electroencephalography to investigate the
effect of low and high SE on frontal midline theta and the motor
performance. We compared putting performance and EEG power
during the preparatory period of a putting task in skilled golfers
with high and low SE levels. We observed that the golfers’ putting
success rate was higher and Fm6 power was lower in higher
SE trials.

The results of this study support our hypothesis that golfers
with a higher SE score have a higher success rate. This result is
consistent with those reported by Chang et al. (2014) and Horcajo
et al. (2022). Horcajo et al. (2022) showed that SE was positively
related to both physical and cognitive performance. Chang et al.
(2014) determined a significant positive correlation between SE and
softball throwing performance. To explain the positive relationship
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between SE and motor performance, Bandura (1990) defined SE
as an individual’s sense of confidence in their ability to perform
a given behavior in various contexts. Bandura described SE as a
cognitive mechanism that mediates the relationship between self-
appraisal information and an individual’s subsequent thoughts,
emotions, motivations, and behaviors. SE theory posits that people
are more likely to engage in behaviors that they believe they can
successfully perform and avoid behaviors in which they feel they
will be unsuccessful.

Studies have indicated that self-efficacy (SE) is closely linked
with a variety of mechanisms, including cognitive functions,
motivation, emotions, and selection processes. Specifically, within
the realm of selection processes, research has identified a
correlation between SE and cognitive functions, notably in
decision-making scenarios. This connection is evident in the realm
of sports, where SE has been found to significantly influence
decision-making abilities in baseball players, as noted by Hepler
and Feltz (2012). Furthermore, from a behavioral perspective,
individuals possessing higher levels of SE are more inclined to
pursue ambitious goals, as outlined by Bandura (1997), and exhibit
superior self-regulation skills (Kane et al, 1996). Considering
the impact of factors related to SE, such as decision-making
capabilities, goal-setting, self-regulation, and anxiety management,
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Difference in Alpha power between high- and low-SE conditions.

on overall performance, SE emerges as a critical factor for achieving
excellence. This has led to its recognition as a key predictor of
successful outcomes in various fields (Moritz et al., 2000). The
collective body of research underscores the integral role of SE in
fostering a framework for individuals to excel, by enhancing their
psychological resilience and operational efficiency.

Another primary finding of this study is that the golfers
exhibited lower Fm6 power in high-SE trials, supporting the
hypothesis that higher SE leads to more automatic processing
during golf-putting tasks. This finding is consistent with that
of a previous study indicating that individuals with a lower
confidence level exhibited increased prefrontal brain activity on
functional magnetic resonance imaging (Fleming et al., 2012).
Moreover, Hunt et al. (2013) found that the winning group in
a shooting competition exhibited a higher confidence level and
lower alpha and theta power than the losing group. In contrast,
Chatterjee et al. (2021) found higher theta and alpha power in
the frontal cortex in high-confidence conditions than in low-
confidence conditions; cognitive experiments showed that higher
SE is associated with a stronger deployment of attentional control
(Fromer et al., 2021). However, it is important to note that
the latter study did not specifically examine sports performance.
These findings collectively underscore the potential of Fm6 power
as a critical intermediary in the complex interplay between SE
and athletic performance. The consistency across these studies
suggests that SE not only affects psychological states but also has
a tangible impact on physiological responses during competitive
sports. This underscores the importance of developing strategies to
boost athletes’ confidence as a means to improve their focus, reduce
unnecessary cognitive load, and enhance overall performance.

This

performance,

study used EEG evidence to determine sports
self-

paced, precision sports. A previous meta-analysis indicated a

focusing on the expert paradigm in

nonsignificant increase in alpha activity and a decrease in theta
activity in this context (Filho et al., 2021). The “relaxed brain”
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neural marker is characterized by increased alpha activity across
the cortex, which inhibits brain areas unrelated to the task at
hand, particularly in the frontal lobe where the highest alpha and
lowest theta activity are found (Filho et al., 2021). These findings
support those of previous studies demonstrating that a relaxed and
focused brain is essential for optimal sports performance (Pacheco,
20165 Bertollo et al., 2020; Hatfield et al., 2020). Although theta
activity may indicate the need and timing of cognitive control,
it may not necessarily play a functional role in downstream
signaling. Experienced performers can enhance their motor skills
by suppressing irrelevant cognitive and motor processes; this
phenomenon is known as neuromotor noise. The brain needs to
integrate cognitive control processes into sensorimotor systems to
achieve behavioral control. The suppression of neuromotor noise
is a crucial factor in the development of enhanced motor skills, and
frontal theta is involved in sensorimotor integration (Cruikshank
et al, 2012). Thus, the findings of this study indicated that SE
affects the electrophysiological state of the brain, leading to more
automated actions.

Our findings support and extend Banduras SE theory by
demonstrating that the anticipation of outcomes may affect the
automation of actions and that Fm6 power may mediate the
relationship between SE and sports performance. Optimal sports
performance is characterized by a constant focus on the present
as well as physical and psychological relaxation, which enable
effortless automatic movements. Fm0 is among the most crucial
elements of optimal sports performance (Williams and Krane,
2020).

FmO power measures attentional allocation to achieve a
desired cognitive-motor behavior, particularly as measured from
the anterior region of the scalp, and is indicative of task-
relevant working memory processes (Jensen and Tesche, 2002;
Sauseng et al, 2010). Studies have suggested that cognitive
control originates in the frontal cortex and is mediated by
cortical oscillations that underlie long-range communication in
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the brain (Buzsdki et al., 2012; Cavanagh and Frank, 2014). The
level of Fm6 was proportional to the degree of effort invested
in response inhibition and preparation (Isabella et al, 2019).
Frontal theta oscillations might be involved in physiological
mechanisms underlying cognitive control because they increase
during working memory (Jensen and Tesche, 2002; Zakrzewska
and Brzezicka, 2014), mental arithmetic (Girtner et al, 2015),
response preparation (Womelsdorfetal, 2010), affective regulation
(Cavanagh and Shackman, 2015), top—down attention (Cavanagh
and Frank, 2014). A lower level of Fm6 may suggest that golfers
were not engaged in active mental control during the putting
task. This speculation is supported by two previous studies (Kao
et al,, 2013, 2014), which have reported that superior putting
performance was preceded by a lower level of Fm6 (Kao et al,
2013) and that one neurofeedback training session on reducing
Fm6 power effectively improved the putting performance of highly
skilled golfers (Kao et al., 2014). Individuals with elevated levels of
SE often lean toward their first, instinctive reactions, considering
fewer options in the process. To achieve behavioral control, the
brain integrates cognitive control processes into sensorimotor
systems (Hepler and Feltz, 2012). The modulation of behavioral
responses through cognitive regulation is frequently accompanied
by theta-band activity in the frontal cortex, where Fm6 power
serves as an indicator of attentional allocation toward achieving
desired cognitive-motor responses (Sauseng et al, 2010). SE,
as established through the prediction of consequences, might
influence the automatization of actions and Fm6 power before the
act of putting, thus potentially mediating the association between
SE and sports performance.

Although this study using the VAS method yielded novel
insights into the putting performance of golfers based on EEG
findings, it is not without limitations. Firstly, factors such
as learning, fatigue, and variable practice may affect putting
performance. Thus, future studies should consider incorporating
relevant subjective measurements such as self-report, VAS when
designing their experiments. Nevertheless, we addressed some of
these limitations by providing an opportunity for practice before
the primary task, including a 2-minute rest period between blocks,
and setting three starting lines for putting (serial variable practice).
However, the additional analysis indicated no significant difference
[t (26) = —0.815, p =0.422] in the putting success rate between the
first and last three blocks was observed. We suggested that these
factors exerted only a negligible impact on putting performance in
this study. Secondly, this study employed a putting task at a distance
of 3 m, with medium difficulty, and categorized performance into
binary variables (i.e., successful and unsuccessful putt) based on the
reality of golf games and the purpose of this study. Future studies
should consider using a longer distance (e.g., professional golfers’
average two putts from 33 feet, see Broadie, 2012) for the putting
task and measure performance outcomes as continuous variables,
such as the radial error (i.e., the distance between the hole and
ball), to gain a more comprehensive understanding of the cortical
signatures of superior performance.

To summarize, this study contributes to understanding of the
neurophysiological mechanisms underlying the effects of SE on
sports performance and extends to SE theory (Bandura, 1997;
Moritz et al., 2000). SE determined by the anticipation of outcomes,
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may influences the automation of movements and the activity
of frontal midline theta (Fm6) power before executing a putting
action. This relationship highlights SE’s role in bridging cognitive
expectations with physical performance in sports, emphasizing
how psychological Self-efficacy could shape sport performance and
execution efficiency. Moreover, our findings indicate that higher
individual SE is associated with improved putting performance and
greater automation characteristics in golfers. Therefore, enhancing
SE before putting can be a promising strategy for improving overall
sports performance in golfers.

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories and
accession number(s) can be found below: This study was not
preregistered. All data and measures used in the study are
publicly available under the Open Science Framework (https://osf.

io/x5vsg).

Ethics statement

This study was approved by the Research Ethics Committee
of National Taiwan Normal University (201912HM109). All
study procedures were carried out in accordance with the
relevant guidelines and regulations of the research ethics
committee. The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in
this study.

Author contributions

C-LY: Writing - original draft, Visualization, Project
administration. C-WK: Writing - original draft, Data
curation, Conceptualization. J-HW: Writing - review &

editing, Methodology, Formal analysis. EH: Writing - review
& editing, Investigation, Data curation. W-CC: Writing — review
& editing, Project administration, Data curation. R-TY: Writing
- review & editing, Project administration, Data curation. K-PW:
Writing - review & editing, Supervision, Conceptualization.
T-MH: Writing - review & editing, Supervision, Funding
acquisition, Conceptualization.

Funding

The author(s) declare financial support was received for
the research, authorship, and/or publication of this article. This
study was financially supported by the Higher Education Sprout
Project of the Ministry of Education of Taiwan, the Ministry
of Science and Technology of Taiwan (109WFA0310225), and
Bielefeld Young Researchers Fund of Bielefeld University and
was supported by the Open Access Publication Fund of Bielefeld

frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1349918
https://osf.io/x5vsg
https://osf.io/x5vsg
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Yu et al.

University and the Deutsche Forschungsgemeinschaft (DFG) for
the publication costs.

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Arnau, S., Brimmer, T., Liegel, N., and Wascher, E. (2021). Inverse effects
of time-on-task in task-related and task-unrelated theta activity. Psychophysiology
58:€13805.doi: 10.1111/psyp.13805

Bandura, A. (1990). Perceived self-efficacy in the exercise of personal agency. J. Appl.
Sport Psychol. 2, 128-163. doi: 10.1080/10413209008406426

Bandura, A. (1997). Self-Efficacy: The Exercise of Control. New York: W.H. Freeman
and Company.

Bell, A. J., and Sejnowski, T. J. (1995). An information-maximization approach
to blind separation and blind deconvolution. Neural Comput. 7, 1129-1159.
doi: 10.1162/nec0.1995.7.6.1129

Bertollo, M., Doppelmayr, M., and Robazza, C. (2020). “Using brain technologies
in practice,” in Handbook of Sport Psychology, eds G. Tenenbaum and R. C. Eklund.
666-693. doi: 10.1002/9781119568124.ch32

Broadie, M. (2012). Assessing golfer performance on the PGA TOUR. Interfaces 42,
146-165. doi: 10.1287/inte.1120.0626

Buzséki, G., Anastassiou, C. A., and Koch, C. (2012). The origin of extracellular
fields and currents—EEG, ECoG, LFP and spikes. Nature Rev. Neurosci. 13, 407-420.
doi: 10.1038/nrn3241

Cavanagh, J. F., and Frank, M. J. (2014). Frontal theta as a mechanism for cognitive
control. Trends Cogn. Sci. 18, 414-421. doi: 10.1016/j.tics.2014.04.012

Cavanagh, J. F., and Shackman, A. J. (2015). Frontal midline theta reflects
anxiety and cognitive control: meta-analytic evidence. J. Physiol.-Paris 109, 3-15.
doi: 10.1016/j.jphysparis.2014.04.003

Chang, Y. K, Ho, L. A, Lu, F. J. H, Ou, C. C, Song, T. F, and Gill, D. L.
(2014). Self-talk and softball performance: the role of self-talk nature, motor task
characteristics, and self-efficacy in novice softball players. Psychol. Sport Exerc. 15,
139-145. doi: 10.1016/j.psychsport.2013.10.004

Chatterjee, D., Chowdhury, A., Gavas, R., Sinha, A., and Saha, S. K. (2021). Real
time estimation of task specific self-confidence level based on brain signals. Multimed.
Tools Appl. 80, 19203-19217. doi: 10.1007/s11042-021-10676-8

Chen, T. T., Wang, K. P., Chang, W. H., Kao, C. W., and Hung, T. M. (2022). Effects
of the function-specific instruction approach to neurofeedback training on frontal
midline theta waves and golf putting performance. Psychol. Sport Exerc. 61, 102211.
doi: 10.1016/j.psychsport.2022.102211

Chueh, T. Y, Lu, C. M,, Huang, C. J., Hatfield, B. D., and Hung, T. M. (2023).
Collaborative neural processes predict successful cognitive-motor performance. Scand.
J. Med. Sci. Sports 33, 331-340. doi: 10.1111/sms.14262

Cohen, B. H. (2013). Explaining Psychological Statistics, 4th Edn. Wiley.

Cruikshank, L. C., Singhal, A., Hueppelsheuser, M., and Caplan, J. B. (2012). Theta
oscillations reflect a putative neural mechanism for human sensorimotor integration.
J. Neurophysiol. 107, 65-77. doi: 10.1152/jn.00893.2010

Davey, H. M., Barratt, A. L., Butow, P. N,, and Deeks, J. J. (2007). A one-item
question with a likert or visual analog scale adequately measured current anxiety. J.
Clin. Epidemiol. 60, 356-360. doi: 10.1016/].jclinepi.2006.07.015

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J. Neurosci.
Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Dietrich, A. (2006). Transient hypofrontality as a mechanism for the psychological
effects of exercise. Psychiatry Res. 145, 79-83. doi: 10.1016/j.psychres.2005.07.033

Dietrich, W. E., Bellugi, D. G., Sklar, L. S., Stock, J. D., Heimsath, A. M., and Roering,
J. J. (2003). Geomorphic transport laws for predicting landscape form and dynamics.
Geophys. Monograph-Am. Geophys. Union 135, 103-132. doi: 10.1029/135GM09

Dunlap, W. P., Cortina, J. M., Vaslow, J. B., and Burke, M. J. (1996). Meta-analysis
of experiments with matched groups or repeated measures designs. Psychol. Methods 1,
170. doi: 10.1037/1082-989X.1.2.170

Frontiersin

10.3389/fpsyg.2024.1349918

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Ercis, S. (2018). Prediction of elite male trampolinists performance based
on the selected psychological capabilities. J. Educ. Train. Stud. 6, 19-24.
doi: 10.11114/jets.v6i4a.3210

Feltz, D. L. (1988). “Self-confidence and sports performance,” in Exercise and Sport
Sciences Reviews, K. B. Pandolf (New York: MacMillan), 423-457.

Feltz, D. L. (2007). “Self-confidence and sports performance,” in eds. D. Smith and
M. Bar-Eli Essential Readings in Sport and Exercise Psychology (Champaign, IL: Human
Kinetics), 278-294

Filho, E., Dobersek, U., and Husselman, T. A. (2021). The role of neural
efficiency, transient hypofrontality, and neural proficiency in optimal performance
in self-paced sports: a meta-analytic review. Exp. Brain Res. 239, 1381-1393.
doi: 10.1007/s00221-021-06078-9

Fleming, S. M., Huijgen, J., and Dolan, R. J. (2012). Prefrontal contributions
to metacognition in perceptual decision making. J. Neurosci. 32, 6117-6125.
doi: 10.1523/JNEUROSCI.6489-11.2012

Fromer, R, Lin, H., Dean Wolf, C. K., Inzlicht, M., and Shenhav, A. (2021).
Expectations of reward and efficacy guide cognitive control allocation. Nat. Commun.
12, 1030. doi: 10.1038/541467-021-21315-z

Girtner, M., Grimm, S., and Bajbouj, M. (2015). Frontal midline theta oscillations
during mental arithmetic: effects of stress. Front. Behav. Neurosci. 9:133588.
doi: 10.3389/fnbeh.2015.00096

Hatfield, B. D., Jaquess, K. J., Lo, L. -C., and Oh, H. (2020). “The cognitive
and affective neuroscience of superior athletic performance,” in Handbook of Sport
Psychology, eds G. Tenenbaum and R. C. Eklund. doi: 10.1002/9781119568124.
ch23

Hepler, T. J., and Feltz, D. L. (2012). Take the first heuristic, self-efficacy, and
decision-making in sport. J. Exp. Psychol.: Appl. 18, 154-161. doi: 10.1037/a00
27807

Horcajo, J., Santos, D., and Higuero, G. (2022). The effects of self-efficacy on
physical and cognitive performance: an analysis of meta-certainty. Psychol. Sport Exerc.
58, 102063. doi: 10.1016/j.psychsport.2021.102063

Hunt, C. A., Rietschel, J. C., Hatfield, B. D., and Iso-Ahola, S. E. (2013). A
psychophysiological profile of winners and losers in sport competition. Sport Exerc.
Perform. Psychol. 2, 220. doi: 10.1037/a0031957

Isabella, S. L., Cheyne, J. A., and Cheyne, D. (2019). Unconscious learning and
automatic inhibition are accompanied by frontal theta and sensorimotor interactions.
BioRxiv 77, 7961. doi: 10.1101/777961

Jensen, O., and Tesche, C. D. (2002). Frontal theta activity in humans increases
with memory load in a working memory task. Eur. J. Neurosci. 15, 1395-1399.
doi: 10.1046/j.1460-9568.2002.01975.x

Jiao, J., Du, F., He, X., and Zhang, K. (2015). Social comparison modulates
reward-driven attentional capture. Psychon. Bullet. Rev. 22, 1278-1284.
doi: 10.3758/s13423-015-0812-9

Kane, T. D., Marks, M. A., Zaccaro, S. J., and Blair, V. (1996). Self-efficacy,
personal goals, and wrestlers’ self-regulation. J. Sport Exerc. Psychol. 18, 36-48.
doi: 10.1123/jsep.18.1.36

Kao, S. C., Huang, C. ], and Hung, T. M. (2013). Frontal midline theta is a specific
indicator of optimal attentional engagement during skilled putting performance. J.
Sport Exerc. Psychol. 35, 470-478. doi: 10.1123/jsep.35.5.470

Kao, S. C., Huang, C. J., and Hung, T. M. (2014). Neurofeedback training
reduces frontal midline theta and improves putting performance in expert
golfers. J. Appl. Sport Psychol. 26, 271-286. doi: 10.1080/10413200.2013.8
55682

Lewthwaite, R, and Wulf, G. (2017). Optimizing motivation and attention
for motor performance and learning. Curr. Opin. Psychol. 16, 38-42.
doi: 10.1016/j.copsyc.2017.04.005


https://doi.org/10.3389/fpsyg.2024.1349918
https://doi.org/10.1111/psyp.13805
https://doi.org/10.1080/10413209008406426
https://doi.org/10.1162/neco.1995.7.6.1129
https://doi.org/10.1002/9781119568124.ch32
https://doi.org/10.1287/inte.1120.0626
https://doi.org/10.1038/nrn3241
https://doi.org/10.1016/j.tics.2014.04.012
https://doi.org/10.1016/j.jphysparis.2014.04.003
https://doi.org/10.1016/j.psychsport.2013.10.004
https://doi.org/10.1007/s11042-021-10676-8
https://doi.org/10.1016/j.psychsport.2022.102211
https://doi.org/10.1111/sms.14262
https://doi.org/10.1152/jn.00893.2010
https://doi.org/10.1016/j.jclinepi.2006.07.015
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.psychres.2005.07.033
https://doi.org/10.1029/135GM09
https://doi.org/10.1037/1082-989X.1.2.170
https://doi.org/10.11114/jets.v6i4a.3210
https://doi.org/10.1007/s00221-021-06078-9
https://doi.org/10.1523/JNEUROSCI.6489-11.2012
https://doi.org/10.1038/s41467-021-21315-z
https://doi.org/10.3389/fnbeh.2015.00096
https://doi.org/10.1002/9781119568124.ch23
https://doi.org/10.1037/a0027807
https://doi.org/10.1016/j.psychsport.2021.102063
https://doi.org/10.1037/a0031957
https://doi.org/10.1101/777961
https://doi.org/10.1046/j.1460-9568.2002.01975.x
https://doi.org/10.3758/s13423-015-0812-9
https://doi.org/10.1123/jsep.18.1.36
https://doi.org/10.1123/jsep.35.5.470
https://doi.org/10.1080/10413200.2013.855682
https://doi.org/10.1016/j.copsyc.2017.04.005
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Yu et al.

Lippke, S. (2020). “Self-efficacy theory,” in Encyclopedia of Personality
and Individual Differences, eds V. Zeigler-Hill and T. K. Shackelford (Cham:
Springer), 4722-4727. doi: 10.1007/978-3-319-24612-3_1167

Lochbaum, M., Sherburn, M., Sisneros, C., Cooper, S., Lane, A. M., and Terry,
P. C. (2022). Revisiting the self-confidence and sport performance relationship: a
systematic review with meta-analysis. Int. J. Environ. Res. Public Health 19, 6381.
doi: 10.3390/ijerph19116381

Luck, S. J., and Gaspelin, N. (2017). How to get statistically significant effects
in any ERP experiment (and why you shouldn’t). Psychophysiology 54, 146-157.
doi: 10.1111/psyp.12639

Mobher, D., Hopewell, S., Schulz, K. F., Montori, V., Getzsche, P. C., Devereaux, P.
J., et al. (2010). CONSORT 2010 explanation and elaboration: updated guidelines for
reporting parallel group randomised trials. BMJ 340, c869. doi: 10.1136/bmj.c869

Moritz, S. E., Feltz, D. L., Fahrbach, K. R., and Mack, D. E. (2000). The relation of
self-efficacy measures to sport performance: a meta-analytic review. Res. Q. Exerc. Sport
71, 280-294. doi: 10.1080/02701367.2000.10608908

Pacheco, N. C. (2016). Neurofeedback for peak performance training. J. Mental
Health Counsel. 38, 116-123. doi: 10.17744/mehc.38.2.03

Pascua, L. A., Wulf, G,, and Lewthwaite, R. (2015). Additive benefits of external
focus and enhanced performance expectancy for motor learning. J. Sports Sci. 33,
58-66. doi: 10.1080/02640414.2014.922693

Pontifex, M. B., Miskovic, V., and Laszlo, S. (2017). Evaluating the efficacy of fully
automated approaches for the selection of eyeblink ICA components. Psychophysiology
54, 780-791. doi: 10.1111/psyp.12827

Rosengyist, O., and Skans, O. N. (2015). Confidence enhanced performance?-The
causal effects of success on future performance in professional golf tournaments. J.
Econ. Behav. Organizat. 117, 281-295. doi: 10.1016/j.jebo.2015.06.020

Sauseng, P., Griesmayr, B., Freunberger, R., and Klimesch, W. (2010). Control
mechanisms in working memory: a possible function of EEG theta oscillations.
Neurosci. Biobehav. Rev. 34, 1015-1022. doi: 10.1016/j.neubiorev.2009.12.006

Schmidt, R., and Lee, T. (2014). Motor Learning and Performance with Web Study
Guide (5th ed.) (Champaign, IL: Human Kinetics).

Stevens, D., Anderson, D. L, O’'Dwyer, N. J., and Williams, A. M. (2012). Does
self-efficacy mediate transfer effects in the learning of easy and difficult motor skills?.
Conscious. Cogn. 21, 1122-1128. doi: 10.1016/j.concog.2012.03.014

Themanson, J. R, Hillman, C. H., McAuley, E., Buck, S. M., Doerksen, S. E.,
Morris, K. S., et al. (2008). Self-efficacy effects on neuroelectric and behavioral
indices of action monitoring in older adults. Neurobiol. Aging 29, 1111-1122.
doi: 10.1016/j.neurobiolaging.2007.01.004

Themanson, J. R., and Rosen, P. J. (2015). Examining the relationships between
self-efficacy, task-relevant attentional control, and task performance: evidence from

Frontiersin

09

10.3389/fpsyg.2024.1349918

event-related brain potentials. Br. J. Psychol. 106, 253-271. doi: 10.1111/bjop.
12091

Turner, N. M., Van De Leemput, A. J., Draaisma, J. M., Oosterveld, P.,
and Ten Cate, O. T. J. (2008). Validity of the visual analogue scale as an
instrument to measure self-efficacy in resuscitation skills. Med. Educ. 42, 503-511.
doi: 10.1111/§.1365-2923.2007.02950.x

United States Golf Association (2024). Handicap Index Statistics. Available online
at:
(accessed January 3, 2024).

Vickers, J. N., and Williams, A. M. (2017). “The role of mental processes in elite
sports performance,” in Oxford Research Encyclopedia of Psychology.

Wang, K. P,, Cheng, M. Y., Chen, T. T.,, Chang, Y. K,, Huang, C. J., Feng,
J., et al. (2019). Experts’ successful psychomotor performance was characterized by
effective switch of motor and attentional control. Psychol. Sport Exerc. 43, 374-379.
doi: 10.1016/j.psychsport.2019.04.006

Wang, K. P, Cheng, M. Y., Chen, T. T., Huang, C. J., Schack, T., and Hung, T. M.
(2020). Elite golfers are characterized by psychomotor refinement in cognitive-motor
processes. Psychol. Sport Exerc. 50, 101739. doi: 10.1016/j.psychsport.2020.101739

Wang, K. P, Frank, C., Hung, T. M., and Schack, T. (2022). Neurofeedback training:
Decreases in Mu rhythm lead to improved motor performance in complex visuomotor
skills. Curr. Psychol. 18, 1-12. doi: 10.1007/s12144-022-03190-z

Watkins, B., Garcia, A. W., and Turek, E. (1994). The relation between self-efficacy
and sport performance: Evidence from a sample of youth baseball players. J. Appl. Sport
Psychol. 6, 21-31. doi: 10.1080/10413209408406463

Williams, J., and Krane, V. (2020). Applied Sport Psychology: Personal Growth to
Peak Performance (New York: Mcgraw-Hill Education).

Womelsdorf, T., K., Johnston, M., and Vinck, and, S., Everling (2010). Theta-activity
in anterior cingulate cortex predicts task rules and their adjustments following errors.
Proc. Natl. Acad. Sci. USA. 107(11):5248-5253. doi: 10.1073/pnas.0906194107

Wulf, G, and Lewthwaite, R. (2016). Optimizing performance through
intrinsic motivation and attention for learning: the OPTIMAL theory of
motor learning. Psychon. Bullet. Rev. 23, 1382-1414. doi: 10.3758/s13423-015-0
999-9

Zahodne, L. B., Nowinski, C. J., Gershon, R. C., and Manly, J. J. (2015). Self-
efficacy buffers the relationship between educational disadvantage and executive
functioning. Journal of the International Neuropsychological Society 21, 297-304.
doi: 10.1017/81355617715000193

Zakrzewska, M. Z., and Brzezicka, A. (2014). Working memory
capacity as a moderator of load-related frontal midline theta variability
in Sternberg task. Front. Hum. Neurosci. 8, 399. doi: 10.3389/fnhum.2014.
00399


https://doi.org/10.3389/fpsyg.2024.1349918
https://doi.org/10.1007/978-3-319-24612-3_1167
https://doi.org/10.3390/ijerph19116381
https://doi.org/10.1111/psyp.12639
https://doi.org/10.1136/bmj.c869
https://doi.org/10.1080/02701367.2000.10608908
https://doi.org/10.17744/mehc.38.2.03
https://doi.org/10.1080/02640414.2014.922693
https://doi.org/10.1111/psyp.12827
https://doi.org/10.1016/j.jebo.2015.06.020
https://doi.org/10.1016/j.neubiorev.2009.12.006
https://doi.org/10.1016/j.concog.2012.03.014
https://doi.org/10.1016/j.neurobiolaging.2007.01.004
https://doi.org/10.1111/bjop.12091
https://doi.org/10.1111/j.1365-2923.2007.02950.x
https://www.usga.org/content/usga/home-page/handicapping/handicapping-stats.html
https://www.usga.org/content/usga/home-page/handicapping/handicapping-stats.html
https://doi.org/10.1016/j.psychsport.2019.04.006
https://doi.org/10.1016/j.psychsport.2020.101739
https://doi.org/10.1007/s12144-022-03190-z
https://doi.org/10.1080/10413209408406463
https://doi.org/10.1073/pnas.0906194107
https://doi.org/10.3758/s13423-015-0999-9
https://doi.org/10.1017/S1355617715000193
https://doi.org/10.3389/fnhum.2014.00399
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

	Effects of self-efficacy on frontal midline theta power and golf putting performance
	Highlights
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Procedure
	2.3 Measurements
	2.3.1 Golf-putting task
	2.3.2 SE
	2.3.3 Electroencephalography recording and analysis

	2.4 Statistical analysis

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


