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ABSTRACT

Objective: To determine differences in the activation of the supplementary motor area (SMA) during the motor preparation and
anticipatory phase in athletes with and without neurological disorders during the action of kicking a ball in static and dynamic
conditions.

Methods: Two groups of 15 athletes each (disabled and non-disabled) were recruited. Surface electroencephalography (EEG) was
used to record cortical activity while participants performed two motor tasks. Prior to each trial, participants remained with their
eyes closed for 20 s to ensure a neutral baseline state. EEG analyses were conducted during the period from eyes opening to ball
contact. Cortical source density was extracted from the EEG signal and compared between the two groups and tasks across different
frequency bands.

Results: Significantly higher activation of the SMA and premotor areas activity was found in the experimental group versus the
control group during the preparatory phase still target task with the non-dominant/more affected leg. In reaction time terms,
significant differences between groups were found during the moving target task with the non-dominant/more affected leg and
during the still target task with the dominant/less-affected leg.

Conclusions: The differences observed in SMA activation suggest possible variations in motor preparation processes among the
groups; these findings indicate the presence of compensatory neural strategies that may facilitate motor control in athletes with
neurological disorders. These results may serve as a basis for future research on adapted sports training and neurorehabilitation.
Significance: People with neurological disorders may exhibit a series of motor deficiencies that affect sports practice. Delving
into the mechanisms involved can improve performance and motor planning in other daily-living functions.

1 | Introduction neurological impairments, cerebral palsy, acquired brain injury,

and hereditary motor disorders represent a high proportion
Neurological disorders constitute one of the leading causes of  of long-term disability. Cerebral palsy is the most common
disability worldwide (Feigin et al. 2024). Among them, motor  cause of motor disability in childhood and has an estimated
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prevalence of approximately 2-3 cases per 1000 live births in
Europe. In Spain, the reported estimates are consistent with
these data (Badia et al. 2013). Furthermore, acquired brain injury
represents another major source of neurological disability, with
incidence rates reaching 191 cases per 100,000 inhabitants in
some Spanish populations. In addition, rare neurodegenerative
motor disorders, such as ataxias and hereditary spastic paraplegia,
further increase—although with lower prevalence—the number
of neurological disability cases in Spain (Ortega-Suero et al. 2023).

Currently, rehabilitation programs increasingly incorporate phys-
ical activity. There is solid evidence that training and the
acquisition of physical skills can induce changes in neural
activation, particularly during the execution of functional skills
(Hill and Schneider 2006; Wright et al. 2010). As a result of this
integration, a growing number of programs have been developed
to adapt and include sports practice within neurorehabilitation
processes, as they provide significant musculoskeletal, neural,
cardiorespiratory, and cognitive benefits (Pérez-Tejero et al. 2012;
Hanrahan 2015; Turner-Stokes et al. 2008).

Sports practice requires the execution of precise and coordinated
technical actions. In sports such as football, successful perfor-
mance depends on efficient motor planning, understood as the
process of anticipating and organizing movement sequences prior
to their voluntary execution. Performance in this discipline is
determined not only by technical skill but also by processing
speed and movement regulation, processes supported by the basal
ganglia-thalamo-cortical circuit (Takakusaki 2017; Rodriguez-
Bazurto and Aguilar-Morocho 2021). Within this circuit, struc-
tures such as the thalamus, basal ganglia, and the dorsal premotor
area work together to regulate movement speed and accuracy
during motor reaching tasks (Shirinbayan et al. 2019).

However, in athletes with neurological disorders such as cerebral
palsy or hemiparesis, this motor control system faces significant
structural and functional challenges that may compromise the
effectiveness of the motor gesture (Dinomais et al. 2014; Liu
et al. 2020). Neurological motor disorders, including cerebral
palsy, stroke, traumatic brain injury, and other central nervous
system lesions, share common alterations in motor planning
networks involving structures such as the premotor areas and the
supplementary motor area (Nachev et al. 2008).

At the cortical level, the Supplementary Motor Area (SMA),
corresponding to Brodmann area 6, represents a central hub for
complex motor planning (Boy et al. 2010; Cafias et al. 2018).
In electrophysiological studies, motor planning processes in this
region have also been associated with oscillatory activity in the
alpha and beta frequency bands, which are thought to reflect the
selection and preparation of motor programs within sensorimotor
networks. Located in the medial portion of the superior frontal
gyrus, the SMA is involved in the preparation, initiation, and
execution of voluntary movements, as well as in the unconscious
inhibition of automatic motor responses (Boy et al. 2010). A
critical feature of this region is its extensive interhemispheric
connectivity, as it is one of the cortical areas with the highest
number of transcallosal connections, making it essential for
the coordination of lower-limb movements (Ruddy et al. 2017;
Sahyoun et al. 2004; Newton et al. 2008). It is estimated that
approximately ten percent of the afferent information of corti-

cospinal tracts originates in the SMA, highlighting its relevance
in descending motor control (Potgieser et al. 2014).

Despite the importance of these structures, a critical gap remains
in the scientific literature regarding motor control in athletes with
specific neurological disorders during real sports tasks. Although
it has been demonstrated that the acquisition of expert skills
can induce changes in neural activation and improve cortical
efficiency—a phenomenon known as “neural efficiency”—most
of these studies have focused on populations without disabilities
(Hill and Schneider 2006; Wright et al. 2010; Zhang et al. 2019;
Yin et al. 2025). In contrast, studies conducted in clinical contexts
suggest that brain lesions may lead to increased SMA activation as
a compensatory mechanism to respond to functional imbalance
(Eckert et al. 2006; Foltys et al. 2003; Cacola et al. 2016). However,
it remains unclear whether these compensatory mechanisms
manifest in the same way in athletes with motor disabilities
during the execution of specialized technical actions such as ball
kicking.

Movement speed constitutes a key element for the efficient
execution of any motor action; therefore, its appropriate neural
regulation is essential (Shirinbayan et al. 2019). The most recent
studies on reaction speed have used neuroimaging techniques,
particularly functional magnetic resonance imaging (fMRI),
showing that the contralateral dorsal premotor area, the SMA,
the primary motor cortex (M1), the thalamus, and the basal
ganglia are associated with movement processing speed and
execution. These findings suggest the existence of a basal ganglia—
thalamo-cortical circuit involved in the regulation of motor speed
(Shirinbayan et al. 2019).

Furthermore, the relationship between motor planning and
hemispheric specialization represents a determining factor. Tra-
ditionally, the left hemisphere has been proposed to be specialized
in motor planning and coordination, whereas the right hemi-
sphere plays a key role in modifying ongoing actions in response
to external stimuli (Mutha et al. 2012). In individuals with
neurological damage, this lateralization is often altered, showing
bilateral activation patterns that may reflect a greater demand
for cortical resources to compensate for the loss of functional
specificity (Dinomais et al. 2014; Liu et al. 2020). This increased
load in motor planning processes is associated with reduced
processing speed and longer reaction times compared with indi-
viduals without neurological impairment (Welniarz et al. 2019;
Churchill et al. 2021). In this sense, activity within motor planning
regions such as the SMA may influence the efficiency with
which motor commands are prepared and initiated, ultimately
affecting reaction time during goal-directed motor actions. In this
regard, Welniarz et al. (2019) conducted a study in which reaction
time was measured during different movements in a control
group without neurological impairment and an experimental
group with neurological impairment. The results showed that
the control group presented significantly shorter reaction times
compared with the experimental group.

Further investigation into the specific mechanisms of motor plan-
ning and execution in athletes with neurological disabilities may
provide valuable information for rehabilitation and the design
of adapted training programs. Such knowledge could optimize
training strategies, improve sports performance, and promote
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the inclusion of these individuals in the sporting environment
(Pérez-Tejero et al. 2012; Hanrahan 2015; Rodriguez-Bazurto and
Aguilar-Morocho 2021).

Previous studies in clinical populations have reported increased
recruitment of the supplementary motor area during voluntary
movement following neurological injury, interpreted as a com-
pensatory mechanism supporting motor planning (Foltys et al.
2003; Cacola et al. 2016). In addition, neurological impairment
has been associated with slower processing speed and longer
reaction times during motor tasks (Welniarz et al. 2019; Churchill
et al. 2021). In this context, athletes with neurological disorders
may exhibit different patterns of SMA activation and reaction
times compared with athletes without neurological impairment
during sport-specific motor actions.

Based on the above, the aim of the present study is to determine
whether significant differences exist in SMA activation between
athletes with neurological disorders and athletes without dis-
abilities during ball-kicking tasks under static and dynamic
conditions.

2 | Methods

This is an analytical cross-sectional observational study with
a control group on brain activity in subjects with cerebral
alterations who practice soccer. A sample of 30 athletes divided
into two groups, 15 with cerebral alterations and 15 without,
was obtained to measure brain activity during the action of
kicking a ball in a bipedal position, both static and in motion.
An electroencephalogram (EEG) was used to measure cortical
activity.

The sample size of 15 participants per group was calculated using
the GRANMO program, accepting an alpha risk of 0.05 and a beta
risk of 0.2 in a bilateral contrast. The calculation was based on
the primary outcome of the study, defined as SMA source density
during the preparatory phase of the motor task.

The experimental group consisted of athletes with various neuro-
logical conditions (cerebral palsy, stroke, traumatic brain injury,
tumor, hypoxia, and tetraparesis). Although these conditions
differ in terms of lesion location and pathophysiology, they all
shared a common characteristic: a neurological disability that
affected their motor control, which plays an active role in adapted
soccer training. Since the sample size was small, it was not
possible to conduct analyses by subgroup.

Individuals aged 18 to 50, with a prior diagnosis of a neurological
disorder (experimental group) or without any diagnosis (control
group), who practiced soccer at least twice a week, were included.
Individuals with insufficient cognitive capacity, absolute con-
traindications for the tests, and visual impairment hindering
the execution of motor acts in the study were excluded. Ethical
approval was obtained from the Hospital Clinico San Carlos and
the European University.

Recruitment, data collection, and testing were conducted
between May and June 2023, in sessions of approximately

ten minutes. Demographic data were collected, and an
electroencephalographic cap was fitted to the athletes.

The sample was a convenience sample derived from obtaining
participants with neurological or brain impairment who play
football at the Second Part Foundation.

Participants performed two tasks: the static target task and the
moving target task (Figure 1). Prior to each trial, participants
were informed about the type of task and the leg to be used
(healthy participants always started with their non-dominant leg,
while participants with neurological impairments always started
with their affected leg, regardless of its dominance). Participants
in both groups stood with their eyes closed for 20 s before
performing the kick. This period was used to allow participants
to reach an initial neutral state and to minimize prior visual
information or anticipatory motor processes as much as possible.
During this period, participants were instructed to remain relaxed
and breathe calmly. It is important to note that this phase was
not considered part of the motor planning process and was
not included in the EEG analyses. At the end of this period, a
standardized verbal cue (“Open your eyes and kick the ball”) was
given to initiate the movement. This instruction was the same for
all participants. In the static target task, they kicked a ball placed
40 cm in front of them toward the therapist, first using the non-
dominant/most affected leg and then the other, after standing
for 20 s with their eyes closed. In the moving target task, they
kicked a ball coming from the researcher positioned 4 meters
in front of them, also starting with the non-dominant/most
affected leg and then the other, after standing for 20 s with
their eyes closed. Each activity was performed twice, once with
each leg. The terms used in this study distinguish between the
dominant leg and neurological impairment. The “affected leg”
is the limb affected by a neurological condition, regardless of its
dominance. The “unaffected leg” is the limb that is not affected.
The terms “dominant” and “non-dominant” refer to the leg the
participant prefers to use for kicking. The analyses take both
factors into account to allow for accurate comparisons, even
when the dominant leg is the affected one. EEG activity was
recorded continuously throughout the task; however, only the
time window between eyes opening and ball contact was included
in the analyses. EEG source density in the SMA and premotor
area, together with reaction times from the eyes opening to ball
were considered the outcome measures.

2.1 | EEG Processing

The electroencephalographic activity was acquired and digitized
by a Brainvison actiCHAmp amplifier (Brain Products GmbH,
Germany) with 32 active actiCAP slim Ag/Cl electrodes placed in
the scalp at Fpl, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC5, FC1, FC2,
FCe, T7, C3, Cz, C4, T8, CP5, CP1, CP2, CP6, P7, P3, Pz, P4, PS,
PO3, P04, 01, Oz, and O2 locations according to the 10-20 system.
The signal was recorded at 512 Hz with the ground reference at the
AFz location.

The EEG was continuously registered for each subject, task,
and leg individually, resulting in a file for each of the former
combinations. Each file was processed as follows. The signal
was first resampled to 256 Hz. Then, noise was removed by
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FIGURE 1 | Experimental setup and tasks. Left: Still target task. The participants kicked the stopped ball forward toward the researcher after 20
s of standing with their eyes closed. Right: Moving target task. After 20 s of standing with their eyes closed, the researcher threw the ball low to the

participants, and they kicked it back to him.

FIGURE 2 | Cortical area (green) corresponding to the PA and SMA (BA 6) as used in this study in an inflated brain model. Abbreviations: A,

anterior; L, left; S, superior.

the Artifact Subspace Reconstruction (ASR) algorithm (Chang
et al. 2020), with 0.25-0.75 boundaries for high-pass filtering
and 20 as the threshold criterion. After that, the signal was
bandpass filtered between 3 and 31 Hz. Next, the independent
components were extracted with the ICA algorithm, and the
ICLabel algorithm (Pion-Tonachini et al. 2019) was used to
identify and subtract the eye- and muscle-related artifacts, with
a minimum confidence threshold of 0.7. The signal was then
average referenced, and the channels whose spectrum deviated
more than 2 times the standard deviation were interpolated by
spherical spline interpolation (Ferree, 2006). Finally, the time of
the kick was determined as the average time to the first signal
burst after opening the eyes, given that the kick produced a global
artifact that is not removed by the previous steps. The signal
between the eyes opening and the kick was kept for further source
analysis. All the mentioned signal processing procedures were
performed by a script using MATLAB v2017b (Mathworks Inc.,
USA) and the EEGLAB v2023.0 toolbox (Delorme and Makeig
2004). The implementations used for the mentioned algorithms
are the ones included in the indicated EEGLAb version. All
the parameters not explicitly referenced above were set as their
default values according to the EEGLAb implementations.

The LORETA-Key v20220902 software (KEY Institute for Brain-
Mind Research, University of Zurich, Switzerland) was used to
extract the cortical source densities from the processed EEG

intervals by using the eLORETA source localization algorithm
(Pascual-Marqui et al. 2011) in six different frequency bands:
theta (4 Hz-7 Hz), low alpha (7 Hz-10 Hz), high alpha (10 Hz-
13 Hz), low beta (13 Hz-18 Hz), mid beta (18 Hz-21 Hz), and
high beta (21 Hz-30 Hz). The eLORETA algorithm estimates the
source density in each of the 6239 voxels (cubes) at 5 mm spatial
resolution, conforming to the intracerebral volume. The average
source density from the voxels that belong to the Brodmann area
6 (PA and SMA, Figure 2) of both hemispheres combined as a
single ROI was computed for each frequency band and compared
between groups.

There are several reasons to consider the bilateral SMA as a single
ROLI. First, the SMA has the most extensive interhemispheric
connectivity among all cortical regions (Ruddy et al., 2017).
Moreover, the literature has already evidenced the bilateral
implication of the SMA in lower limb and kicking movements
(Sahyoun et al., 2004; Newton et al., 2008; Yin et al., 2025), as well
as in locomotion-related tasks (Jaeger et al., 2014). In addition,
bilateral SMA dysfunction is a convergent neuropathological fea-
ture across stroke (Liu et al. 2020) and cerebral palsy (Dinomais
et al. 2014), conditions predominant in the study population. It
has also been evidenced that expertise-related SMA changes, such
as the ones observed in athletes, are present bilaterally (Zhang
et al. 2019). Finally, the lateralization that has been observed
in the literature is primarily for fine, distal, and unimanual
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TABLE 1 | Demographic, anthropometric, and clinical variables for each group.
Experimental (N = Control (N =
Avg. (std.)/% (#) 15) 15) Statistic
Age (years) 27.6 (7.8) 26.2(7.5) F(1, 28) = 0.032, p = 0.859
Women 0.00% (0) 20.00% (2) xA(1)=1.481,p=0.224
Dominant/Less affected 53.33% (8) 100.00% (15) 2*(1) =6.708, p = 0.010
leg Right
Height (cm) 1.70 (.071) 1.73 (.105) F(1,28) = 0.951, p = 0.338
Weight (Kg) 67.69 (12.68) 68.92 (11.41) F(1,28) = 0.092, p = 0.764
BMI 23.4 (3.66) 22.82(2.63) F(1, 28) = 0.094, p = 0.761
Motor disorder Ataxia 20.00% (3)
Dyskinesia 6.67% (1)
Dysparesis 6.67% (1)
L Hemiparesis 13.33% (2)
R Hemiparesis 33.33% (5)
Tetraparesis 20.00% (3)
Anoxia 6.67% (1)
Etiology Cerebral palsy 53.33% (8)
Hydrocephalus 6.67% (1)
Stroke 13.33% (2)
TBI 13.33% (2)
Brain tumor 6.67% (1)
TABLE 2 | Average (standard deviation) of the reaction times for each group, task, and leg and the corresponding statistics of the differences between
groups and legs.
Between-group
Control Experimental statistic
Moving Dominant/Less 2.09 (0.60) s 2.57(0.87) s U(30) = 147.000, p = 0.161
target affected
Non-Dominant/More 1.87(0.60) s 2.49 (1.02) s U(30) = 160.000, p =
affected 0.050, r = 0.366
Between-leg statistic Z =-1193, p=0.233 Z = —-0.454, p = 0.650
Still target Dominant/Less 1.03 (0.65) s 1.83(0.89) s U(29) =164.500,p =
affected 0.008, r = 0.482
Non-Dominant/More 1.71(0.80) s 2.31(1.45)s U(29) =127.000, p = 0.354

affected

Between-leg statistic
r=0.616

Z = -2.385,p =0.017,

Z=-1.319, p=0.187

hand movements (Kapreli et al. 2006). In summary, lower-limb
representations are significantly more bilateral than upper-
limb representations; the strong homotopic connectivity between
bilateral SMA means that even when activation differences exist
(Mancuso et al. 2019), the two sides are tightly functionally
coupled; in motor disorders, SMA changes are characteristically
bilateral, making hemispheric separation less informative; and
finally, in a study involving patients with motor disorders of dif-

ferent etiology—some with unilateral lesions, some with bilateral
or diffuse pathology, and different dominant sides—lateralization
patterns will vary unpredictably across patients, and a bilateral
ROI captures the functionally meaningful signal common to all
participants.

The EEG processing was performed without group distinction by
a researcher blind to the data acquisition.
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FIGURE 3 | Boxplots of the SMA-normalized source density during the moving target (top row) and still target (bottom row) tasks with

dominant/less affected (left column) and non-dominant/more affected (right column) legs for each group (colors) in all frequency bands (x-axis). Squares
within the boxes represent the median values. Bars with asterisks denote statistically significant differences between groups. Bars with diacritical marks

denote a trend toward significant differences (p < 0.08) between groups.

2.2 | Data Analysis and Statistics

Differences in demographic and anthropometric numerical vari-
ables between groups were tested by ANOVA after confirmation
of normality by the Shapiro-Wilk test and Q-Q plots. The dif-
ferences in the distributions of demographic and anthropometric
categorical variables were tested by the chi-square test.

Since almost all reaction time and SMA activation distributions
in all frequency bands were far from normal (Shapiro-Wilk test
and Q-Q plots) in subsets of legs and tasks for all groups, the
differences between groups were tested by the Kruskal-Wallis
test. Ninety-nine percent confidence intervals for p-values (C.I.
(p)) from Monte Carlo estimations, as well as the effect size
epsilon-squared (e?), are reported for the significant or nearly
significant differences. The differences within groups between
legs or tasks were tested by the Wilcoxon signed-rank test
for related measures. In this latter case, the effect size r is
reported.

All the above-mentioned analyses were performed with IBM SPSS
Statistics for Windows v29 software (Armonk, NY: IBM Corp.).

The data analysis was performed by a researcher blind to the data
acquisition process and the nature of groups.

3 | Results

All individuals potentially eligible, confirmed, and included in
the study completed the measurements and were analyzed. The
final sample consisted of a total of 30 individuals, 3 females
(Table 1).

Abbreviations: BMI, Body-Mass Index; L, left; R, right.

Data from one of the participants in the experimental group
during the still-target task were discarded due to recording
errors. No significant differences in age, sex, height, weight, and
BMI were found. However, while all participants in the control
group were right-legged, the less affected leg in the experimental
group was the right one in over 50% of the participants. A
heterogeneity of motor disorders and etiologies was present in
the experimental group, hemiparesis and cerebral palsy being
predominant, respectively.
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FIGURE 4 | Cortical maps of source density (average z-values) of the control and experimental groups during the still target task with the non-
dominant/more affected leg in the frequency bands that presented a significant statistical difference between groups.

3.1 | Differences of Activation of the
Supplementary Motor and Premotor Areas Between
Groups

The only statistically significant results were found during
the still target task with the non-dominant/more affected leg
(Figure 3). In this case, the participants in the experimental group
showed a significantly higher activation of the SMA than the
control group in the high alpha (2.14 + 1.33 vs. 1.37 + 0.60, H(29)
= 4.030, p = 0.045, C.L(p) = (0.037-0.047), €2 = 0.144) and mid
beta (1.41 + 0.57 vs. 1.01 + 0.60, H(29) = 3.857, p = 0.050, C.L(p) =
(0.042-0.053), € = 0.138) frequency bands (Figure 4) and a nearly
significant higher activation in the low beta (3.72 + 0.203 vs. 2.47
+1.10, H(29) = 3.522, p = 0.061, C.L(p) = (0.053-0.065), €* = 0.126)
and high beta (4.52 + 2.01 vs. 3.39 + 2.13, H(29) = 3.360, p = 0.067,
C.L(p) = (0.059-0.072), €* = 0.120) frequency bands. The opposite
results (higher SMA activation in the control group) are present
in the moving target task, but no significant difference was found
in this case. All the effect sizes reported are moderate to large.

With the dominant/less affected leg, the control group presents
a higher activation of the SMA overall, regardless of the task,
although these results lack statistical significance.

3.2 | Differences of Activation of the
Supplementary Motor and Premotor Areas Between
Legs

Figure 5 shows the boxplots of the normalized SMA activation
between legs for each group and task.

With respect to the control group, the participants showed an
overall greater activation of the SMA with the dominant leg
during the still target task, showing only nearly statistically
significant differences between legs in the low beta band (3.82 +
2.55 for the dominant leg vs. 2.47 + 1.10 for the non-dominant leg,
Z =129.000, p = 0.078, r = 0.472).

Regarding the experimental group, the only significant difference
was found in the still target task. Concretely, the more affected leg
showed a significantly higher activation of the SMA than the less
affected leg in the high beta band (4.52 + 2.01 vs. 3.31 + 1.56, Z =
84.000, p = 0.048, r = 0.528) (Figure 6). Similarly, the mid beta
band showed a nearly significant difference (1.41 + 0.57 vs. 1.06 +
0.53, Z = 82.000, p = 0.064, r = 0.495). All the reported effect sizes
are moderate to large.
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FIGURE 5 | Boxplots of the SMA-normalized source density for the two legs (colors) during the moving target (left column) and still target
(right column) tasks for the control (top row) and experimental (bottom rows) groups in all frequency bands. Squares within the boxes represent the
median values. Bars with asterisks denote statistically significant differences between legs. Bars with diacritical marks denote a trend toward significant

differences (p < 0.08) between legs.

3.3 | Differences of Activation of the
Supplementary Motor and Premotor Areas Between
Tasks

Figure 7 shows the boxplots of the normalized SMA activation
between tasks for each group and leg.

The control group only presented significant differences between
tasks with the non-dominant leg, concretely in the low alpha band
(1.94 +1.29 during the moving target task vs. 1.42 + 0.67 during the
still target task, Z = 23.000, p = 0.036, r = 0.542) and in the high
alpha band (1.92 + 1.33 vs. 1.37 + 0.60, Z = 21.000, p = 0.027, r =
0.572) (Figure 8). Analogously, nearly significant differences were
present for the theta band (2.74 + 1.82 vs. 1.42 + 0.67, Z = 29.000,
p =0.078, r = 0.455) and for the low beta band (3.31 + 2.21 vs. 2.47
+1.10, Z = 26.000, p = 0.053, r = 0.499). For the dominant leg, no
significant difference in SMA activation between the two tasks
was found, although there is a tendency for more SMA activation
in the still target task.

The experimental group showed a higher SMA activation with
the more affected leg during the still target task. Concretely, a
significant difference was found in the high beta band (3.53 +
1.41 vs. 4.52 + 2.01, Z = 85.000, p = 0.041, r = 0.545) (Figure 8).
Similarly, a nearly significant difference was found in the mid beta
band (1.12 + 0.50 vs. 1.41 + 0.57, Z = 82.000, p = 0.064, r = 0.495).

No significant differences between tasks were present with the
less affected leg. All the reported effect sizes are moderate to large.

3.4 | Differences of Reaction Times Between
Groups and Legs

Table 2 shows the average (and standard deviation) reaction times
for group, task, and leg. Despite the control group showing a lower
reaction time overall, regardless of the task and leg, the statisti-
cally significant differences between groups were found during
the moving target task with the non-dominant/more affected leg
and during the still target task with the dominant/less-affected
leg. With respect to the within-group differences, the reaction
times with the non-dominant/more affected leg showed higher
than with the dominant/less affected leg in both groups in the
still-target task, although only significant for the control group.
In the moving target task, the reaction times of both legs were
comparable in both groups.

4 | Discussion
This study reveals altered patterns of motor cortex activation

in a group of athletes with neurological disorders, particularly
increased activation of the SMA. This finding suggests that the
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FIGURE 6 | Cortical maps of source density (average z-values) in the experimental group during the still target task for the less affected and more
affected legs in the frequency band that presented a significant statistical difference between sides.

SMA plays a key role in motor control in individuals with
neurological disorders and that there may be various compen-
satory strategies at the neuronal level to ensure that performance
is not impaired. According to previous literature, it has been
demonstrated that the SMA is involved in both motor planning
and execution, with the pre-SMA being more closely related to
early planning processes and the SMA to the later stages of
motor execution. It is essential to distinguish between immediate
motor planning, typically occurring 1-2 s prior to movement
(associated with readiness potentials or CNV), and the broader
state associated with task anticipation. In this study, no EEG
analysis was performed for the 20-s period with the eyes closed.
Therefore, the study results show cortical activity during the
interval between the opening of the eyes and the execution of
the movement, which corresponds more closely to the motor
preparation processes that immediately precede the action.

In our experimental design, this extended period captures the
maintenance of a preparatory set required to organize a complex
technical gesture without prior visual stimuli, which transcends
short-term motor programming.

Activity in the different EEG frequency bands reflects various
aspects of movement control. Alpha oscillations are typically
associated with attention and cortical inhibition during move-
ment preparation, whereas beta oscillations are more closely
related to planning, sensorimotor integration, and the execution
of the action. (Athanasiou et al. 2018). The differences observed
across the frequency bands may suggest that athletes with
neurological disorders could use modified neural mechanisms to
facilitate the preparation and execution of movements.

In this study, one of the main findings observed is that there is
significant activation of the SMA between limbs in the group
of individuals with neurological disorders. There was greater
activation of the SMA when using the affected limb compared
to the less affected one, particularly in the high-beta band. This
pattern could indicate not only a deficit but also a greater demand
for neural activation to achieve motor performance with the

affected limb. This increase in cortical activation could be related
to impaired communication between different cortical regions
or to reduced neural processing, which may be consistent with
previous studies linking neurological lesions to a reduction in
processing speed (Boy et al. 2010). In the sports context, these
alterations can result in decreased performance.

When comparing the groups, the group of athletes with neuro-
logical disorders showed greater bilateral activation of the SMA
compared to the controls, particularly during the static target
task. This finding is in line with previous studies describing
greater SMA activation in individuals with neurological disorders
during voluntary movement (Eckert et al. 2006; Foltys et al.
2003). These findings may reflect a compensatory mechanism,
where additional cortical areas are recruited to maintain motor
performance under impaired conditions (Cacola et al. 2016).
In this sense, SMA overactivation could represent an adaptive
response to functional deficits instead of a maladaptive process.

Consistent with our study, individuals with brain disorders have a
greater requirement of the SMA, as they show bilateral activation
of the SMA compared to the control group. The experimental
groups resemble the control group by activating the contralateral
SMA more, especially with the affected or non-dominant leg.
Research such as Mutha et al. suggests that the left hemisphere is
specialized in motor planning and coordination, while the right
hemisphere plays an important role in modifying ongoing actions
(2012); this may relate to the athletes’ automatization in the static
target task. Activity in the SMA appears to be related to motor
imagination, as evidenced in the study by Mizuguchi et al. (2012).

The difficulty and demands of the task itself appear to play a key
role in the activation of the SMA. The control group showed sig-
nificant differences depending on the task, particularly during the
moving target condition, while the experimental group showed
greater activation of the superior SMA during the static task.

This supports the idea that SMA activity is more influenced by
the task context than by lateralization alone (Jenkins et al. 2000).
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FIGURE 7 | Boxplots of the SMA-normalized source density for the two tasks (colors), with the dominant/less affected (left column) and non-

dominant/more affected (right column) legs for the control (top row) and experimental (bottom row) groups, in all frequency bands. Squares within the
boxes represent the median values. Bars with asterisks denote statistically significant differences between tasks. Bars with diacritical marks denote a

trend toward significant differences (p < 0.08) between tasks.

In the static task, participants were asked to start the movement
following a verbal command, which may increase dependence on
internally generated motor planning processes. In contrast, tasks
requiring continuous adjustment to external stimuli may involve
different neural circuits, as suggested by Buetefisch et al. (2014).
These findings reinforce the idea that SMA activation depends
largely on the functional demands and complexity of the task.

In terms of motor performance, there were differences in reaction
times depending on the group, the task, and the limb. The control
group generally showed faster reaction times compared to the
other group, which had slower reaction times, especially with the
affected limb. These results are consistent with previous studies
reporting slower reaction times in individuals with neurological
impairments (Churchill et al. 2021; Dautricourt et al. 2017
Immink et al. 2021), as well as differences in reaction times
between dominant and non-dominant limbs (Jankovi¢ et al.
2022). In the control group, reaction times were slower when
using the non-dominant limb, which also supports the role of
motor dominance in performance.

Although both SMA activation and reaction time varied accord-
ing to conditions, no correlation analysis was performed in this
study. Therefore, it is not possible to establish a direct relationship
between neural activity and behavioral performance. Previous
studies have reported that stimulation or modulation of the

SMA can influence motor control and movement performance
(Mackenzie, 2015; Premji et al., 2011). In relation to athletes, one
hypothesis we put forward is that stimulation in this area may
decrease reaction times, which would lead to an improvement
in sports performance. However, the current findings should be
interpreted with caution in terms of this. Future studies should
investigate the relationship between cortical activation patterns
and behavioral outcomes to better understand their functional
significance.

Overall, these findings suggest that athletes with neurological
disorders show altered patterns of SMA activation that may reflect
compensatory mechanisms designed to facilitate motor control.
All of these cortical adaptations appear to be influenced by both
the side of limb involvement and the complexity of the task,
highlighting the complexity of motor control in neurological
disorders.

While it is true that the number of tests increases the probability
of Type I error, the family-wise error rate (FWER) was not
controlled here because it is not appropriate in this study,
given that it rests on a logical fallacy thoroughly documented
in the methodological literature. As Rubin (2021) and Garcia-
Pérez (2023) demonstrate, FWER correction is only logically
required for union-intersection inference (“at least one test is
significant”), not for separate individual inferences about distinct
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FIGURE 8 | Cortical maps of source density (average z-values) in the control and experimental groups with the non-dominant/more affected leg
during the still and moving target tasks in the frequency bands that presented a significant statistical difference between tasks.

hypotheses; applying family-based error rates to individual tests is
an ecological fallacy, since the probability of a Type I error for each
individual test remains at a = 0.05 regardless of how many other
tests are conducted in the same study. The definition of what
constitutes a family of tests is itself arbitrary and theoretically
incoherent: as Perneger (1998) and Rothman (1990) argue, a
finding’s significance would change depending on how many
unrelated tests appear in the same paper, which is scientifically
nonsense. In this case, the six frequency bands analyzed here
are not interchangeable replications of the same measurement—

theta, alpha, and beta oscillations reflect physiologically distinct
neural generators and functional processes (Cavanagh and Frank
2014; Klimesch et al. 2007; Pfurtscheller and Neuper 1994), and
standard EEG practice treats them as separate hypothesis families
(Maris and Oostenveld 2007; Keil et al., 2014). Applying blanket
correction across all 48+ comparisons would reduce the effective
alpha to approximately 0.001, catastrophically reducing statistical
power in a small clinical sample (Button et al. 2013; Lieberman
and Cunningham 2009), and would incur unacceptable Type II
error costs in what is explicitly an exploratory study (Althouse
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2016; Bender and Lange 2001). Nevertheless, the tendency is
similar for all frequency bands when a significant result was
found in the same “family” of tests and not in the others (which
also often show inverse or no tendencies). Consequently, the
conditions of the significant results are very likely pointing to
actual findings rather than to Type I errors.

4.1 | Limitations

A significant limitation of this study was the manual throw-
ing of the ball during the moving target task; this may have
affected reaction time measurements. Furthermore, although a
20-s period with eyes closed was included prior to the movement,
this interval was used to establish a baseline and was not included
in the EEG analyses. Therefore, the results presented reflect
cortical activity during the time interval between eye opening and
the execution of the movement, which may involve both motor
preparation and attentional and sensorimotor processes. Addi-
tionally, no movement quality metrics (e.g., trajectory, accuracy,
and kinematics) were collected, making it difficult to interpret
whether increased SMA activation reflects compensation or
inefficiency. Another limitation of this study is the heterogeneity
of the neurological conditions included in the experimental
group. The participants had different etiologies, which may imply
differences in lesion location, the degree of motor impairment,
and cortical reorganization processes. Because the sample size
was small, it was not possible to perform subgroup analyses
or include clinical severity as a covariate. The results should
be interpreted as an approximation of brain activation patterns
in athletes with neurological disorders, rather than as specific
characteristics of each condition. Another limitation is the mixed
leg dominance in the experimental group, compared to all
right-leg dominant controls, which may affect “dominant versus
affected” comparisons and hemispheric interpretations.

Although the significance of some of the results obtained exceeds
the alpha level of 0.05, their p-values remain low (<0.08) and
reinforce the significant differences observed, as they follow the
same trend in adjacent frequency bands, thereby corroborating
the underlying differences detected.

We also acknowledge the limitations inherent to EEG source
imaging with a 32-channel system. While eLORETA achieves
mathematically exact peak localization in noise-free conditions
and has been validated across a range of electrode densities,
32-channel arrays operate below the spatial Nyquist rate of
scalp EEG. As a consequence, and also considering that we
did not use individual MRI to estimate the sources, the SMA
activity reported here should be interpreted as a probabilistic
source estimate rather than an anatomically precise localiza-
tion: eLORETA’s inherent spatial smoothing—a mathematical
property of all weighted minimum norm inverse solutions—
produces broad activation blobs spanning several centimeters,
making it impossible to reliably distinguish adjacent medial
frontal structures such as SMA, pre-SMA, and dorsal ACC at this
electrode density. Source leakage from neighboring generators
cannot be excluded, and our regional interpretations should be
understood as reflecting activity within a broad medial frontal
cluster, mostly including the SMA, rather than a finely defined
anatomical subregion. These constraints are common to low-

density EEG source imaging and do not invalidate the observed
effects, which are consistent across subjects and statistically
robust, but they do warrant caution against overly specific and
anatomically accurate conclusions.

5 | Conclusions

This study demonstrates altered motor cortical recruitment
patterns in athletes with neurological disorders, characterized
by increased SMA activation during tasks performed with the
affected limb. These findings suggest that there may be compen-
satory neural strategies to facilitate motor control under altered
neurological conditions. The results obtained regarding activa-
tion patterns between affected and unaffected limbs reinforce the
role of the SMA in motor adaptation. From a clinical perspective,
these results may contribute to a better understanding of the
mechanisms underlying neuroplasticity and serve as a basis for
specific neurorehabilitation approaches. These findings should
be interpreted with caution given the relatively small sample size
and the number of comparisons performed.

This study advances the understanding of supplementary motor
area activation and cortical activity during tasks in athletes
with and without neurological disorders. No previous study
has addressed this topic using a similar approach, specifically
combining an adapted motor task related to soccer with source-
level EEG analysis using eLORETA. The involvement of the SMA
has been widely described in the previous literature on motor
control and neurological disorders. The present study offers a
novel perspective by examining its activation in athletes with
neurological disorders in a sport-specific context.
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