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ARTICLE INFO ABSTRACT

Keywords: Visuospatial cognition encapsulates an individual’s ability to efficiently navigate and make sense of the multi-
EEG modal cues from their surroundings, and therefore has been linked to expert performance across multiple do-

Neural efficiency mains, including sports, performing arts, and highly skilled tasks, such as drawing (Morrone and Minini, 2023).

i]l)‘];/ ERS As neural efficiency posits a task-specific functional reorganization facilitated by long-term training, the present
a-waves . . . N . . . . .
p:r’fomance study employs a visuospatial construction task as a means of investigating the neurophysiological adaptations

associated with expert visuospatial cognitive performance. Electroencephalogram (EEG) data acquisitions were
used to evaluate the event-related changes (ER%) and statistical topographic maps of nine expert versus nine
novice artists. The expert artists displayed overall higher global ER% compared to the novices within task-active
intervals. Significant increases in relative ER% were found in the theta (¢ (10) = 3.528, p = 0.003, CI =
[27.3,120.9]), lower-alpha (t (10) = 3.751, p = 0.002, CI = [28.2,110.5]), upper-alpha (t (10) = 3.829, p =
0.002, CI = [50.2,189.8]), and low beta (t (10) = 4.342, p < 0.001, CI = [37.0,114.9]) frequency bands, when
comparing the experts to the novice participants. These results were particularly found in the frontal (t (14) =
2.014, p = 0.032, CI = [7.7,245.4]) and occipital (¢t (14) = 2.647, p = 0.010, CI = [45.0,429.7]) regions. Further,
a significant decrease in alpha ER% from lower to upper activity (¢ (8) = 4.475, p = 0.001, CI = [21.0, 65.8]) was
found across cortical regions in the novice group. Notably, greater deviation between lower and upper-alpha
activity was found across scalp locations in the novice group, compared to the experts. Overall, the findings
demonstrate potential local and global EEG-based indices of selective cortical adaptations within a task requiring
a high degree of visuospatial cognition, although further work is needed to replicate these findings across other
domains.

1. Introduction

Visuospatial cognition is a multifaceted skillset which interconnects
both the recognition and re-recognition of objects (i.e., visual), and the
orientation, reorientation, and three-dimensional operation of an object
(i.e., spatial; Linn and Petersen, 1985; Rilea et al., 2004). Further, vi-
suospatial cognition may be compartmentalized into the combination of
1) visual cognition; which involves the use of both input data and
existing knowledge to construct a representation of an environment, in
which actions are informed upon (Cavanagh, 2011); and 2) spatial
cognition; which involves the processing of multimodal information
from the environment, as a means of configuring perceptual under-
standing and recognition of three-dimensional spatial relationships
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(Peng et al., 2022). By interlinking the two, visuospatial cognition
combines the perception, interpretation, and utilization of local and
global-based cues as a means of defining how we comprehend and
interact with our environment (Chueh et al., 2017). This plays a
fundamental role in a multitude of both every day and specialized ac-
tivities (Possin, 2010). As a result, high degrees of visuospatial intelli-
gence have been linked to expert performance across multiple domains,
based upon an individual’s ability to efficiently navigate and make sense
of the multimodal cues present within their surroundings (Morrone and
Minini, 2023).

Within electroencephalogram (EEG) data, the frequency of cortical
oscillations depends upon interactions between neurons and in-
terneurons, and are controlled on a local basis (Pfurtscheller & Lopes da
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Silva, 1999). As a result, neural oscillations may be subdivided into
frequency bands of: delta (3), theta (), alpha (), beta (p), and gamma
(y) - all of which have been associated with different forms of cognitive
processing and conscious states (Niedermeyer and Lopes da Silva, 1982).
Notably, the alpha band is directly linked with the accessing and pro-
cessing of information which is involved in navigating the environment
(e.g., sensorimotor processing, action observation, and movement
planning; Klimesch, 1997, 1999, 2012; Klimesch et al., 2007, 2011;
Minarik et al., 2018; Quandt et al., 2011; Horst et al., 2013), and
therefore acts as a means of evaluating brain functions during states of
visuospatial processing (Klimesch, 2012; Morrone and Minini, 2023;
Peylo et al., 2021).

The neuronal and intraneuronal interactions which control fre-
quency components of EEG signals are reflected in measurable increases
or decreases in relative power amplitudes, known as event-related
synchronization (ERS; Pfurtscheller, 1992) and event-related desynch-
ronization (ERD; Pfurtscheller, 1977; Pfurtscheller and Aranibar, 1977),
respectively. For instance, an increase in involvement of neural net-
works (i.e., increase in cell assembly) is thought to result in an increase
in the global distribution of ERD (Pfurtscheller & Lopes da Silva, 1999).
Further, it can be said that decreases in alpha powers (i.e., ERD) are
indicative of increased cortical activation, whereas increases in alpha
powers (i.e., ERS) indicate a decrease in cortical recruitment (Lindsley
and Wicke, 1974). Although changes in alpha activity were thought to
merely reflect cell assembly, more recent interpretations involve them
acting as functional correlates of inhibition and mechanisms of
top-down control (Klimesch et al., 2007; Sauseng et al., 2005; Wianda
and Ross, 2019). For instance, alpha band ERSs are thought to represent
cortical inhibition, whereas alpha ERDs correspond to the release of
inhibition (Klimesch, 2012; Pfurtscheller & Lopes da Silva, 1999)

As rhythmic alpha oscillations typically associate with sensory,
motor, and cognitive information processing (Klimesch, 2012;
Pfurtscheller & Lopes da Silva, 1999), spatially selective cortical acti-
vations within the alpha band have been identified to have a functional
role in efficient neuronal processing (Womelsdorf and Fries, 2007).
Noting the inverse relationship alpha power has with regional cortical
activation (Lindsley and Wicke, 1974), decreases in activation (thus,
ERS or less ERD) have been associated with better task performance,
whereas increases in activation have been related to poorer task per-
formance (Doppelmayr et al., 2005; Neubauer and Fink, 2009; Smith
et al., 1999).

Subsequently, the inverse relationship between alpha activity and
performance has been established within participants of various
domain-specific tasks, such as in chess players (Grabner et al., 2006),
elite athletes (Babiloni et al., 2010a,b; Del Percio et al., 2008a, 2009,
2011; Guo et al., 2017a,b; Milton et al., 2007; Peng et al., 2022), experts
in aiming and shooting professions (Haufler et al., 2000; Loze et al.,
2001; Zhang et al., 2021), and in formal piano training (Krings et al.,
2000). As a result, such findings are in support of the idea of ‘neural
efficiency’ (Haier et al., 1988; Haier et al., 1992a).

“Neural efficiency” hypothesis posits that long-term training expe-
rienced by experts results in reduced neural activity (Del Percio et al.,
2009; Guo et al., 2017a), whereby experts are more neuronally effective,
and thereby require less cerebral cortical resources in order to execute a
task for which the expert is familiar. For instance, extensive practice in
athletes has been linked to ‘neural efficiency’, stemming from the
development of task-related efficient organization of neural networks
(Babiloni et al., 2010a; Del Percio et al., 2008b). Although this func-
tional reorganization has been speculated to be task-specific (Guo et al.,
2017a), neural efficiency have also been identified in various forms
neural processing, such as word fluency (Cnudde et al., 2021; Parks
et al., 1988), memory (Charlot et al., 1992; Grabner et al., 2004; Ruff
et al., 2003; Rypma et al., 2002, 2005; Rypma and D’Esposito, 1999),
spatial skills (Guo et al., 2017a; Haier et al., 1988; Haier et al., 1992b),
and overall intelligence (Colom et al., 2010; Grabner et al., 2004, 2006;
Haier et al.,, 2004; Neubauer et al., 1995; Neubauer et al., 2005;
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Neubauer and Fink, 2009).

Due to the emphasized task-specific nature of neural efficiency, the
present study appoints experts within the visuospatial construction task
of objective drawing, as a means of investigating the neural efficiency
hypothesis within visuospatial tasks. This is done to provide insight on
the neurophysiological manner in which high degrees of visuospatial
cognition may be indexed. Notably, the present study administers a vi-
suospatial task that is familiar to the expert subjects, meaning that the
experts did not require an element of learning to perform the task.
Additionally, as the current literature pertaining to visuospatial per-
formance is predominantly evaluated within athletic populations, the
present study investigates visuospatial performance beyond this de-
mographic, in order to broaden the specification of EEG-based neuronal
adaptions associated with high degrees of visuospatial cognition.

To our knowledge, no studies have quantified the neural adaptations
associated with heightened visuospatial-based performance, using
expert artists. Within the present study, interpretation of the neural
substrate associated with expert visuospatial processing involved eval-
uating global neural differences between expert and novice participants
during a task-active interval, of the visuospatial construction task of
objective drawing. Drawing is a multifaceted skillset, which requires a
complex network of functional organization as a means of constructing
and transforming internal representations of multimodal information
(Marusic et al., 2021). Through transforming visual information and
internal perception into fine hand movements (La Femina et al., 2009;
McCrea, 2014), drawing acts as a comprehensive psychomotor task
which involves key forms of processing, such as eye-hand coordination,
visuospatial processing, and other higher-order cognitive functions
(Marusic et al., 2021). Further, drawing is a high-order cognitive ability
which utilizes external cues (i.e., multimodal stimuli from the sur-
rounding) with internally derived representations (i.e., pertaining to
memory or imagery processes; Yuan and Brown, 2015; Griffith and
Bingman, 2020). Importantly, the fundamental constituents of drawing
can be said to involve the encoding of visuospatial information, paired
with related sensorimotor processes (e.g., execution of sensory-guided
movements; McCrea, 2014). As a result, drawing acts as a powerful
tool to assess neuropsychological constituents of visuospatial process-
ing, therefore was used in the present study in order to investigate the
task-specific neural adaptations associated with visuospatial cognition.

As the argument of neural efficiency predominantly pertains to alpha
band activity, the present study sought to examine this band. Overall,
the present study addresses the following primary aims: 1) to evaluate
the neural differences in expert vs novice participants, in alignment with
the ‘neural efficiency’ hypothesis, 2) to evaluate how event-related
percentage (ER%) exhibition varies within the lower (8-10Hz range)
vs upper (10-12 Hz range) alpha band across groups, and 3) to identify
any dominant patterns of source location and/or lateralization. Based
upon previous research, the following was hypothesized: 1) an increase
in alpha ER% would be found in the expert participants, in alignment
with the ‘neural efficiency’ hypothesis, 2) compared to the lower-alpha
band, upper-alpha band activity would more sensitive to tasks requiring
high degrees of visuospatial cognition, for its association with both vi-
suospatial cognition and expert performance as a whole, and 3) distinct
patterns of parieto-occipital alpha activity may be found across the
groups, in alignment with the relative attentional demands of the task.
As a secondary aim, other frequency bands were also examined, as a
means of identifying potential alternative neuronal adaptations associ-
ated with increased visuospatial performance, beyond the alpha band.

2. Methods

Participants. EEG data acquisitions of eighteen right-handed par-
ticipants, including nine novice artists (mean age = 26.78 + 5.43 years,
n = 3 female, 6 male) and nine expert artists (mean age = 29.88 + 4.91
years, n = 4 female, 5 male), were investigated. Expert participants were
defined as having at least 10 years of experience building up their visual
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art skillset, as well as practicing their expertise vocationally on regular
basis. The visual art skillset encompassed drawing, painting, and tat-
tooing. At the time of the study, the experts actively produced visual art
forms regularly and/or worked in the art industry (i.e., as commissioned
artists). Novices were defined as individuals who neither actively engage
in the creation of visual arts, nor have ever received any formal training
in the domain. Ethical approval was granted by the St Mary’s University
Ethics Committee, in accordance with the ethical standards established
in the Declaration of Helsinki. Informed written consent was received by
all participants, whereby information was outlined on how the study
would be conducted, the right to withdraw from the study at any time,
and how the results would be used.

Materials. EEG data were collected at 512 samples per second (sps),
using a NEURO PRAX® TMS-EEG system (Eldith, NeuroCare Group,
Ilmenau, Germany) system, providing full band quantitative neuro-
feedback. The system used concentric-ring Ag/AgCl electrodes powered
by a NeuroConn Magestim Eldith (Eldith, NeuroCare Group, Ilmenau,
Germany) device, along with a with a 27-electrode cap, following the
international 10:20 system. A separate ground electrode was placed on
the lateral forehead region. The electrode sites were aggregated into the
following regions: Frontal (FP1, FP2, Fz), Central (Fcl, Fc2, C3, C4, Cz),
Parietal (A1, A2, P3, P4, Pz), Occipital (01, 02), Left Temporal (F3, F7,
Fc5, T3, Cp5, T5), and Right Temporal (F4, F8, Fc6, T4, Cp6, T6), as
displayed in Fig. 1. Homologous hemispheric electrode sites were
segmented into the left (FP;, F3, Fy, Fcy, Fcs, Cs, Cps, Ay, T3, Ts, P3, O1)
and the right (FPy, F4, Fg, Fcp, Fcg, Cs4, Cps, A1, T4, Te, Ps, O1)
hemispheres.

All data were pre-processed and analyzed using EEGLAB 2021.2
(Delorme and Makeig, 2004) within MATLAB_R2021a (TheMathWorks,
Inc., Natick, Massachusetts, U.S.A.). Topographical maps were achieved
through the topographical mapping neuro-visualizing software avail-
able in EEGLAB (MATLAB Toolbox, California, USA), using the default
colour map.

For the visuospatial task, participants were provided with a single
sheet of A4 paper, a selection of graphite pencils, and an eraser. As the
familiarity of input stimuli (i.e., reference objects) plays a dominant role
in the recruitment of neural substrate associated with drawing (i.e.,
objective drawing vs non-objective drawing; Griffith and Bingman,

Fig. 1. The electrode placement used, based upon the International 10-20
system. The electrodes were segmented into the following regions: Frontal,
Central, Parietal, Occipital, and Left and Right Temporal.
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2020; Raimo et al., 2021; Yuan and Brown, 2015), the present study
used objects which were familiar to the participants, in order to elude
the recruitment of mechanisms associated with creative processing. The
reference objects existed in the form of a group of three artificial apples;
synthetic apples were used in order to ensure consistency throughout the
experiment and for each participant. In addition to the physical setup,
reference printout images of the exact layout were provided, and placed
on the left side of the paper being drawn on. Participants were free to
exam the real objects prior to the drawing task but were asked to draw
using the printout images as reference, once the drawing task started.
The image printouts were used to minimize muscular movements (i.e.,
unnecessary head turns, eye movements, etc.), that may impact the
acquisitions of electrical data.

Procedure. Participants entered a sensory-controlled environment,
which contained minimal electronic noise. The electrode cap was then
fitted to the participant, with each electrode attached after scalp prep-
aration. Prior to data collections, electrode impedance was monitored
and ensured to be kept <5kQ. Once EEG recordings commenced, par-
ticipants followed a discrete task protocol of 1-min eyes open, whereby
participants were asked to look straight ahead in a relaxed state; and 10
min drawing (see Fig. 2). Continuous EEG data were collected
throughout the 10-min drawing interval. The 1-min eyes open resting
procedure was performed to serve as an intraparticipant baseline for
EEG data to be normalized against. Buffer times of 3 s were used before
and after each task, in order to account for edge artifacts.

Participants were instructed to realistically draw a reference photo of
a set of apples, as accurately as possible, within a 10-min interval. No
direct instructions on how to draw the apples, were provided. Partici-
pants were instructed to continuously engage with the task and to use all
10 min, if possible. The participants were also informed prior to the task
that the state of the final drawing was not going to be assessed. Such
instructions were to ensure that the participants put less emphasis on the
end result, and more focused on the active task of replicating the
reference objects. All participants used the entire 10-min allocated task
time. Prior to the task, participants were also given the instruction to
limit unnecessary muscular movements (i.e., head turns and eye
movement), as much as comfortably possible to preserve the quality of
the EEG signal.

EEG data processing. Cleaning and pre-processing procedures were
based upon the open source standardized computational EEG toolbox
(Delorme and Makeig, 2004), created by the software architect of
EEGLAB. Pre-processing of EEG data involved down sampling data from
512 Hz to 128 Hz, the removal of edge artifacts, applying a low-pass
notch filter (cut-off frequency of 50Hz) and a high-pass filter (cut-off
frequency of 0.5Hz), and cleaning through the CleanLine plugin in
EEGLAB. Re-sampling of data was performed to increase processing time
and filters were applied to remove line-noise and to minimize low drifts.

Independent Component Analysis (ICA) was conducted in order to
identify and remove unwanted activity. This was achieved through both
filtering and rejecting components which were predicted to account for
non-brain activity equal to or above 90%, and through visual inspection-
based artifact rejection analysis (Delorme and Makeig, 2004). ICA
components which were removed included oculomotor artifact and vi-
sual contextual complexes (such as eye-blinks and eye-movements),
muscular activities, and other non-brain related complexes (Jung
et al., 2000).

Data analysis. Power spectrum analysis was performed, whereby
each data set was processed through Fast Fourier Transform using
Welch’s Method with windows of 500 sampling points and 375 sampling
point overlaps. Power Spectrum Densities (PSD) values were decom-
posed into a total of eight divided bands, which were defined as the
following: delta (1-3 Hz), theta (4-7 Hz), low alpha (8-10 Hz), high
alpha (10-12 Hz), low beta (13-16 Hz), high beta (17-30 Hz), low
gamma (31-45Hz), and high gamma (55-70 Hz). The EEG data was
logi1o transformed to achieve higher degrees of normal distribution,
therefore interpretations of individual frequency bands should be
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Fig. 2. Timeline of the experimental design.

considered on respective scales. Frequency band event-related changes
were quantified as the percentage changes in frequency specific PSD
values of active task intervals (i.e., drawing task compared to the
baseline (i.e., waking-rest) condition; Pfurtscheller et al., 1997,
Pfurtscheller and Aranibar, 1979; Pfurtscheller and Neuper, 1994).
Negative values (i.e., event-related desynchronizations; ERD) represent
decreases in power of the task interval from the baseline interval, and
positive values (i.e., event-related synchronizations; ERS) represent in-
creases in relative powers. Event-related percentages (ER%) were
calculated according to the formula:

Task — Baseline

- 100
Baseline

As an outcome of the formula, with powers reflecting regional neural
oscillatory synchrony, negative percentage values may indicate cortical
activation in the form of ERD, and positive values are representative of
cortical deactivation (i.e., ERS; Pfurtscheller, 2003; Womelsdorf and
Fries, 2007).

Topographical map evaluation. Projected planar positions of the
hemispheric scalp models were evaluated through statistical topo-
graphical maps using EEGLAB. The EEGLAB robust statistical topo-
graphical map comparisons evaluated the difference between group
(expert vs novice) power spectrum density scalp distribution, for each
frequency band. Additionally, visual inspection-based analysis was
conducted, based upon these topographical maps.

Statistical evaluation. Statistical analysis was performed using SPSS
version 29.0.0.0 (SPSS, Inc, Armonk, NY, USA). Kolmogorov-Smirnov
tests were conducted and evaluated to test the normality of the distri-
bution of the data (Weiss, 1989). The relationship between the upper
and lower-alpha band was initially investigated using paired samples
t-tests, comparing upper and lower ER% values across each region, for
the groups independently. Such evaluation resulted in two t-tests: one
t-test for each group, with regional division of electrode sites resulted in
6 data points for each t-test. Interactions were followed up with two
independent three-factorial ANOVA’s. Such ANOVA'’s used average ER
% values to 1) compare upper and lower-alpha band values for expertise,
and cortical regions, and 2) compare upper and lower-alpha band values
for each expertise and across each hemisphere, as a means of evaluating
any potential dominant patterns of hemispheric laterality. The first
ANOVA was subjected to two (alpha frequency band segments: upper vs
lower) x two (group: experts vs. novices) x six (regions: frontal, central,
parietal, occipital, and left and right temporal). The second ANOVA was
subjected to two (alpha frequency band segments: upper vs lower) x two
(group: experts vs. novices) x two (hemisphere: left vs. right homolo-
gous sites). Post hoc comparisons were performed using Bonferroni

corrected t-tests, to follow up significant effects. The criterion alpha
level was set to 0.05.

To compare the differences in task-related cortical activity between
groups across all frequency bands, regional analysis resulted in per-
forming independent samples t-tests, which compared differences in
regional ER% between groups. Such evaluation resulted in 8 t-tests: one
t-test for each frequency band, with the regional division of electrode
sites resulting in 6 data points for each t-test. Electrode site regional
investigation was also performed, whereby t-tests compared novice and
expert ER% values across all frequency bands for each electrode region.
Such evaluation resulted in 6 t-tests: one for each cortical region, with 8
data points per test, one for each frequency band. Statistical evaluation
was adapted from previous research (Benedek et al., 2011; Haufler et al.,
2000; Magosso et al., 2019; Manor et al., 2023).

3. Results

Alpha band. Within the initial investigation, a significant decrease in
alpha ER% from lower to upper activity (t (8) = 4.475, p = 0.001, CI =
[21.0, 65.8]) was observed across cortical regions within the novice
group. The expert group did not display any significant difference in
relative ER% (p > 0.05) between subdivisions of the alpha band. Within
the follow up investigation, although significant effects were found for
expertise in the regional (F (23,108) = 10.650, p = 0.002) and hemi-
spheric (F (5,96) = 8.190, p = 0.005) evaluations, no further statistical
interactions were identified (p > 0.05).

Although the novice group exhibited greater global mean difference
(MD) between the upper and lower-alpha bands (MD = 43.4 + 29.1 %)
compared to the experts (MD = 0.1 £ 1.9 %), the experts showed greater
coefficients of variation (CV) between the two bands (CV% = 1900%),
compared to the novices (CV% = 67.1%). As presented in Fig. 3, the
expert group displayed globally homogenous alpha activity across both
sub-bands, wherein consistent alpha ERS% was found across both bands
across all cortical regions.

The experts displayed strongest ERS% in the occipital lobe, and
weakest in the parietal lobe. Further, with novices displaying predom-
inantly ERD% within both upper and lower-alpha bands, strongest ERD
% was found in the upper-alpha band of right and left temporal regions
(respectively). The novices also exhibited greatest difference between
lower and upper-alpha band within the central region and temporal
lobes (both left and right; as displayed in Fig. 3c), with ERD% being
strongest in the upper-alpha band across all regions. The difference
between alpha sub-bands was found to be the least in the frontal and
parietal lobes within the novice group, with ERS% being found in frontal
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Fig. 3. Displays the event-related percentage (ER%) power changes, comparing the groups (expert vs novice) for the lower and upper-alpha bands. The graphs are
segmented into the following: a) global ER% evaluation, b) right and left hemispheric ER% evaluation, c) regional ER% evaluation. Increases in ER% indicate event-
related synchronizations (ERS) relative to baseline, where decreased values indicate event-related desynchronizations (ERD). Error bars represent one standard

deviation. * Significant difference, p < 0.05.

and parietal regions.

Hemispheric evaluation was also conducted (Fig. 3b), as a means of
identifying any patterns of alpha-based laterality. Although the expert
group exhibited similar lower and upper-alpha activity across both
hemispheres, greater ERS% was found in the left hemisphere. As for the
novices, greatest difference between the alpha bands was found in the
left hemisphere, with the strongest ERD% being exhibited in the upper
band of the left hemisphere.

Overall global frequency distribution. Relative to baseline condi-
tions, task-related ER% changes were compared across groups for each
frequency band. Expert participants displayed relative increases in ER%
from baseline conditions across all frequency bands, except for the delta
band, whereby experts displayed a decrease in ER%. Further, novice
participants displayed ERD across all bands apart from the theta, lower-
alpha, and low beta band. For each frequency band, t-tests were con-
ducted to compare mean differences of relative ER% across all cortical
regions for the visuospatial construction task. Significant increases in
relative ER% occurred for the theta (¢t (10) = 3.528, p = 0.003, CI =
[27.3,120.9]), lower-alpha (¢t (10) = 3.751, p = 0.002, CI =
[28.2,110.5]), upper-alpha (¢t (10) = 3.829, p = 0.002, CI =
[50.2,189.8]), low beta (t (10) = 4.342, p < 0.001, CI = [37.0,114.9])
frequency bands, when comparing the experts to the novice participants.

Regional investigation. Task-related PSD changes were also
compared across groups for each cortical region (as segmented and
described above). For each electrode site region, t-tests were conducted
to compare mean differences of relative ER% across all frequency bands

for the task. Although experts displayed heightened relative ER% values
across nearly all electrode regions, significant increases in relative ER%
were particularly displayed in the frontal (t (14) = 2.014, p = 0.032, CL
= [7.7,245.4]) and occipital (t (14) = 2.647, p = 0.010, CI =
[45.0,429.7]) regions across all frequency bands, when comparing the
experts to the novice participants.

Topographical maps. Normalized parametric statistics topograph-
ical maps were used to evaluate neuronal activity across all electrode
sites, comparing the experts and novices during task-active intervals. As
displayed in Fig. 4, across all frequency bands, evident ERS was dis-
played in prefrontal electrode sites (Fp1 and Fp2) of the expert, while Fz
predominantly displayed evident ERD, compared to the novice. ERS was
also displayed across nearly all frequency bands for within the experts
within right temporal regions (Fc6 and T4) and central regions (Fc2 and
C4). Further, statistical difference was also in found in the left temporal
lobe on electrode site Cp5, and Pz (parietal lobe), which both indicated
increased spectral values in the experts compared to the novices on these
sites. Another notable electrode cite was T3, representing differences in
activity in the left temporal regions.

4. Discussion

The primary aim of this study was to evaluate the neural corre-
spondences associated with a visuospatial construction task, comparing
the neural substrate of expert and novice artists. As selective cortical
adaptions, such as that hypothesized by ‘neural efficiency’, posits task-
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Fig. 4. The statistical topographical plots display the normalized interindividual parametric differences in Power Spectrum Densities (1V>/Hz) between the groups
(experts vs novices, respectively per each panel), across all electrode sites. These topographical plots were computed for each frequency band segment: a) delta (1-3
Hz), b) theta (4-7 Hz), c) low alpha (8-10 Hz), d) high alpha (10-12 Hz), e) low beta (13-16 Hz), f) high beta (17-30 Hz), g) low gamma (31-45Hz), and h) high
gamma (55-70 Hz). Within the normalized statistical comparisons, parametric statistics of magnitudes 3, 2, and 1, equate to p = 0.001, 0.01, and 0.1, respectively,
with positive values indicating relative increases in powers (i.e., event-related synchronizations; ERS; as represented in red), and blue indicating relative deceases (i.

e., event-related desynchronizations; ERD).

specific functional reorganization facilitated by long-term training, the
present study employed a visuospatial construction task in the form of
drawing, in order to investigate such adaptations for visuospatial
cognition. Due to how the argument of neural efficiency predominantly
pertains to alpha band activity, the present study sought to primarily
examine this band. Although, all frequency bands were briefly examined
as a means of identifying potential alternative neuronal adaptation
associated with increased visuospatial performance. As a result, this
study aimed to provide insight on both the local and global task-specific
selective cortical adaptations related to visuospatial cognition, with
application across other expert performance domains.

Overview of EEG activity in the visuospatial construction task.
Widespread cortical activity was indexed by task-related percentage
changes (ER%), as well as normalized parametric statistics topograph-
ical map evaluation, comparing expert and novice artist during task-
active intervals. The findings revealed overall increased global fre-
quency powers in the experts compared to the novice participants,
across nearly all frequency bands. With lower frequency band powers
(such as the theta and alpha bands) being inversely related to cortical
activation (Haufler et al., 2000), increases in relative powers within such

bands, can be said to be representative of decreased cortical activation.
As significant increases in theta, alpha (lower and upper), and beta (low)
ER% were found when comparing the experts to the novice artists, these
findings may therefore indicate a decrease in cortical activation within
the theta and alpha band. Such results suggest a net reduced role of
cortical processing required by the experts during the visuospatial task,
particularly specified by lower frequency band activity. Since decreases
in activation (thus, ERS or less ERD) have been associated with better
task performance, and increases in activation have been related to
poorer task performance (e.g., Babiloni et al., 2008; Haufler et al., 2000;
Kerick et al., 2004; Wang et al., 2020; Zhang et al., 2021), the present
study supports the literature which shows greater widespread cortical
synchrony being displayed within experts compared to novices.

As fewer cortical neurons are activated during task performance as a
result of a more developed skillset, practice-related increases in lower
frequency bands (i.e., the alpha band) suggests an inverse relationship
between ERD detection and performance (Smith et al., 1999). This
means that training can be thought to facilitate the development of
task-related efficient organization of neural networks. Therefore, the
present results suggest that frequency bands such as the alpha, theta,
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and low beta may act as potential neuronal markers of the cortical ad-
aptations associated with training of visuospatial task performance.
Interestingly, superior visuomotor performance has also been displayed
in expert athletes in the form of globally lower cortical activity, which
acted as an index for spatially selective cortical processes (i.e., neural
efficiency; Del Percio et al., 2009). This may be explained by the way in
which globally distributed cortical adaptions are thought to reflect the
development of an internal model or procedural memory, particularly
due to how such forms of processing involve the integration of wide-
spread subprocesses and cortical regions (e.g., visual, motor, executive
processes, etc.; Beek, 2000; Kerick et al., 2004; Kinsbourne, 1982). This
means that the global adaptations described in the present findings may
reflect increased stability in corresponding neuronal networks, associ-
ating with an increased state of automaticity during the task perfor-
mance. Such an idea supports the assumption of selective activation of
cortical populations during visuospatial performance in experts, in
alignment with the neural efficiency hypothesis (Del Percio et al., 2009).
For this reason, the results of the present study are in support of the
literature suggesting that global adaptations are associated with neural
efficiency within the domain of visuospatial processing.

Although the expert artists displayed overall higher global ER%
compared to the novice participants during the task-active interval, an
alternative interpretation must be considered. Importantly, such find-
ings may be indicative of the reallocation of neuronal resources to
necessary and relevant processing units, rather than an overall decrease
in activity. For instance, decreased cortical activation has been found in
brain regions which are irrelevant to task execution, and therefore are
proposed to be involved in the inhibition of cognitive functions that are
not directly related to the execution of the task being performance (both
in cognitive and motor tasks; Klimesch et al., 2007; Pfurtscheller, 1992).
As an example, selective inhibition of task-irrelevant cortical regions
was found to be concurrent with greater activation in task-relevant re-
gions during golf puts, which acted to support the manifestation of
psychomotor efficiency with training (Gallicchio et al., 2017). For this
reason, the psychomotor efficiency hypothesis suggests the enhance-
ment in cognitive-motor processing, characterized by the suppression of
task-irrelevant preparatory processes (Cohen, 2016; Hatfield, 2018;
Hatfield and Hillman, 2001; Morrone and Pedlar, 2024).

Due to the volume conduction properties of EEG, measured signals
detect surface activity of cortical structures, making the detection and
localization of subcortical sources difficult (DiFrancesco et al., 2008).
Therefore, decreases in global cortical activity may not represent a net
decrease in cortical resource usage, but rather the reallocation of re-
sources away from irrelevant networks to more relevant brain circuitry
for the task at hand (such as subcortical networks; e.g., Alperin et al.,
2005; Falkmer and Gregersen, 2005; Gilchriest, 2015). In conclusion,
although the experts within present study displayed greater widespread
cortical synchrony in alignment with neural efficiency hypothesis, such
activity may reflect the reallocation of resources away from surface
cortical structures rather than a net decrease in energy requirement. For
this reason, further research employing a combination of neuroimaging
techniques (such as the combination of EEG and functional magnetic
resonance imaging (fMRI)), is suggested in order to locate and charac-
terize spatially selective neural indices found in EEG measurements.

Alpha band evaluation. Widespread cortical alpha oscillations are
modulated by thalamo-cortical and cortico-cortical interaction (Lopes
da Silva, 1991), which both facilitate and inhibit the transmission of
sensorimotor and cognitive information within the brain (Brunia, 1999;
Deeny et al., 2003; Pfurtscheller & Lopes da Silva, 1999; Steriade and
Llinas, 1988). Therefore, alpha oscillations are related to sensorimotor
processing, visuospatial attention, cognitive and memory performance,
action observation, and movement planning (Klimesch, 1997, 1999,
2012; Klimesch et al., 2007, 2011; Minarik et al., 2018; Quandt et al.,
2011; Horst et al., 2013). Since the selective engagement of thalamo-
cortical and cortico-cortical loops may facilitate the modulation of alpha
activity for optimal visuomotor performance (Del Percio et al., 2009),

Neuropsychologia 198 (2024) 108854

the alpha band was used as a salient marker for visuospatial cognitive
performance within the present study.

In alignment with the ‘neural efficiency’ hypothesis, decreased alpha
activity was found in the expert participants, compared to the novice
group. Specifically, significant relative increases in global ER% were
displayed for both lower-alpha and upper-alpha when comparing the
experts to the novices. These results are commensurate with previous
results in tasks requiring high degrees visuospatial intelligence. For
instance, elite athletic performance has been associated with global
decreased alpha ERD, found both in the lower (8-10Hz) and higher
alpha (10-12Hz) (Del Percio et al., 2009). This suggests that
visuo-motor performance directly corresponds to global decreases in
cortical activation (e.g., in expert athletes; Del Percio et al., 2009).
Therefore, it has been hypothesized that elite performance may be
characterized by a reduction in ERD compared to non-athletes during
visuo-motor tasks related to the domain of specialty (Jann et al., 2009),
and in experts compared to novice in aiming/preparation tasks (Haufler
et al., 2000).

Interestingly, alpha ERD has been found to be associated with
engaging in cognitive tasks (Basar et al., 2001; Klimesch et al., 1993;
Mazaheri, 2010), such as mental arithmetic (Boiten et al., 1992; Grabner
and De Smedt, 2011), language translation (Grabner et al., 2007), and
visuo-verbal judgment (Pfurtscheller and Klimesch, 1992). As alpha
activity is associated with information processing and automatic motor
control (Klimesch, 2012; Klostermann et al., 2007; Pollok et al., 2009;
Zhuang et al., 1997), subsequent changes in alpha activity may reflect
differences in attention-based demands and resource allocation. For this
reason, global alpha ERD being displayed by the novices in the present
study, is suggested to reflect an increase of intentional engagement and
attention associated with the task, due to a lack to automatic motor
control.

It has also been shown that an increase in alpha power is accompa-
nied by tasks requiring mental imagery and imagination, whereby a
reduction in alpha power occurs in response external stimuli as
compared to internal mental processing (Cooper et al., 2003, 2006). In
further support, alpha synchronizations occur during the performance of
various cognitive tasks (e.g. memory, attention, etc.), whereby a
decrease in cortical activity (i.e., ERS or quantifiably less ERD) has been
suggested to occur as a result of skill acquisition (Busch and Herrmann,
2003; Cooper et al., 2003; Herrmann et al., 2004; Jensen, 2002; Kli-
mesch et al., 1999, 2000). The present expert group displayed alpha
ERS, which may indicate that the experts’ process involves greater
reliance on internal strategies of self-instructions during task execution
(Abernethy and Russell, 1987; Harris and Harris, 1984; Singer et al.,
1993).

Further, differential reactivity of oscillations may be found within
the subdivision of the alpha bands during a cognitive task (Bazanova and
Vernon, 2014; Petsche et al., 1997), such that the specificity of cortical
response to task-related demands is achieved by decomposing the alpha
band into its lower (low alpha; 8-10 Hz) and upper (high alpha; 11-13
Hz) constituents. Lower-alpha activity is reflected in non-specific
attention and anticipatory processes (“expectancy”), and is said to act
as a global generalization for the cognitive processing of arousal (Hau-
fler et al., 2000; Kerick et al., 2001; Klimesch, 1999; Pfurtscheller &
Lopes da Silva, 1999; Smith et al., 1999). As lower-alpha activity at-
tenuates over global scalp locations, it is said to be more widespread
distributed, due to the inverse relationship the frequency power has with
the active neuronal density in the cortex. This is due to how large active
neuronal density (i.e., large populations of cortical neurons) distribute
across widespread anatomical regions, contributing to the activity
detected during task-active intervals (Pfurtscheller, 1988). As a result,
upper-alpha band activity is localized to regional activations, thus often
act in topographically restricted domains (Klimesch, 2012; Schneider
and Shiffrin, 1977).

Upper-alpha activity modulates in alignment with task-specific
attentional processes, and is thereby said to activate in accordance
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with task-specific attention demands (Gevins, 1997; Klimesch et al.,
1990; Pfurtscheller and Klimesch, 1992). Interestingly, evidence sug-
gests that upper-alpha activity is sensitive to variations to prior expe-
rience with observed actions (Hummel et al., 2002; Marshall et al.,
2009), indicating that mechanisms of visuomotor-related processing
may particularly be accompanied by changes in upper-alpha oscillatory
activity in the brain. Consequentially, lower-alpha band oscillation is
said to reflect neural systems involved in global attentive readiness,
while upper-alpha rhythms facilitate task-related oscillation towards the
transmission of sensorimotor or semantic information (Klimesch, 1996,
1999; Klimesch et al., 1998). As a result, it may be said that modulation
in the of alpha rhythms might support both global attention-based (i.e.,
lower-alpha activity) and localized task-specific processes (i.e.,
upper-alpha activity; Klimesch, 1996, 1999; Klimesch et al., 1998).

It was hypothesized that compared to the lower-alpha band, upper-
alpha band activity would be more sensitive to tasks requiring high
degrees of visuospatial cognition, for its association both with visuo-
spatial cognition (Morrone and Minini, 2023) and expert performance as
a whole (Grabner et al., 2004). Event-related percentage (ER%) varia-
tions were investigated, comparing lower (8-10Hz range) vs upper
(10-12 Hz range) alpha activity within each group. The novice group
exhibited a significant decrease in alpha ER% from lower to upper ac-
tivity across all cortical regions, whereas the expert group did not.
Further, the novices predominantly displayed relative lower and
upper-alpha ERD%, where the experts displayed widespread relative
lower and upper-alpha ERS%. These results are in alignment with
widespread lower-alpha ERD reflecting foundational attention and
arousal processes, which act in response to most task demands (Fink,
2005; Fink and Neubauer, 2004; Grabner et al., 2007; Klimesch et al.,
1998). This indicates that the novices had greater active conscious
contribution to the task at hand.

Conversely, the experts displayed lower-alpha ERS, which is inter-
preted as a potential representation of an increase in attention-based
automaticity by the experts, compared to the novices. Although upper-
alpha ERD tend to be topographically restricted to task-relevant re-
gions (Klimesch et al., 1993, 1997), in a general sense, this activity is
linked to the access, search, and use of semantic information from
long-term memory (Klimesch et al., 1998). As the novice group dis-
played upper-alpha ERD, these results are interpreted as a potential
display of active attempts to retrieve a skillset to perform the task. Such
interpretation is supported by research showing stronger upper-alpha
ERD corresponded with high memory performance (Doppelmayr
et al., 2005; Klimesch et al., 1997), meaning that a possible active and
conscious retrieval of psychomotor memory-based processing is present
in the novices, in an attempt to perform the task to the best of their
ability. As a result, as upper-alpha ERD reflects task-specific requirement
(Klimesch et al., 1993, 1997), the present results are interpreted as the
correspondence of attention and memory-based domains, required by
the novices to perform the visuospatial construction task.

Additionally, high deviation between the lower and upper-alpha
band was displayed in the novice group across cortical regions,
whereas the expert group displayed globally similar alpha activity across
both sub-bands (as found in Fig. 3). In the context of the neural pro-
cessing representations of each subdivision of the alpha band, such re-
sults indicate that the visuospatial expert process may involve a
cohesion between attentive readiness (i.e., lower-alpha oscillations),
and task-specific attentional demands (i.e., upper-alpha band). This may
once again act as a representation of a state of automaticity during the
task. Further, increased upper-alpha power has been associated with the
suppression of learnt motor processing mechanisms (particularly in
sensorimotor; Hummel et al., 2002). Therefore, it is speculated that
inducing practice within the novice group may elicit an increase in
upper-alpha power, thereby decreasing the difference between the
sub-bands (similar to the homogeneity of alpha band activity found
within the expert group). For this reason, is hypothesized from these
results, that a decrease in variation between the two alpha bands may
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act as a neural index for progression towards increased visuospatial
performance, as induced by practice. Although further evidence to
support such claim is required.

Regional ER%. EEG activity can be localized to distinct cortical
areas, and therefore can be made sense of in alignment with the func-
tioning of the region in which it is detected. In other words, source
localization acts to support the characterization of local frequency band
distribution. For instance, sleep spindle alpha-oscillations originate from
the thalamus, the mu-rhythm (8-12 Hz) motor functions derive from the
central sulcus, and visual alpha EEG in perceptual functions is said to
derive from occipital lobes (Gongcalves et al., 2006). Furthermore, in a
traditional sense, occipital alpha activity is said to reflect externally
derived visual attention, where increases in alpha power of the occipital
region reflect decreased in visual attention demands (Kononen and
Partanen, 1993; Vijn et al., 1991). Interlinkingly, visuospatial orienta-
tion processes are mediated by a pragmatic dorsal pathway, which ter-
minates in the parietal cortex (Jeannerod et al., 1995). As a result,
smaller alpha power (i.e., stronger ERD or less ERS) over
occipital-parietal regions of the brain are associated with increased vi-
sual processing, and is generally suggestive of an attentive (versus
relaxed wakefulness) brain state (Mo et al., 2013). Consequentially, this
suggests that activity both of the occipital and parietal cortex, may be of
interest for the differentiation of expertise within the visuospatial con-
structions task in the present study. For this reason, the last hypothesis
entailed distinguishable patterns of parieto-occipital alpha activity
existing across the groups, in alignment with the relative attentional
demands of the task. This was particularity due to the association
parieto-occipital activity has with visuospatial processing (Magosso
et al., 2019).

As a means of identifying dominant patterns of source location and/
or lateralization, task-related PSD changes were compared across groups
for each cortical region. Although the experts within the present study
displayed heightened relative ER% values across nearly all electrode
sites, significant increases in relative ER% were particularly displayed in
the frontal and occipital regions across all frequency bands, when
comparing the experts to the novice participants. Due to occipital ERS
being strong in the experts within the alpha band, such results indicate
that the experts experienced a relative decreased reliability of externally
derived attention, compared to their task-inactive interval. Interest-
ingly, alpha activity within the parietal regions of the experts and
novices were similar in relative ER% compared to one another, sug-
gesting that changes in activity in such regions may not be responsible
for task-related performance increases in visuospatial cognitive abilities.
Although the expert did not display any distinct parietal activity
compared to baseline conditions, the relatively low occipital activation
(i.e., high ERS%) displayed within the experts may further be suggestive
of the experts entering a state of greater reliance on internal self-
instructions strategies during the task in which they are familiar with
(Abernethy and Russell, 1987; Harris and Harris, 1984; Singer et al.,
1993).

In extension, the idea of “neural efficiency” within athletic pop-
ulations has been known to exist during visuospatial tasks, whereby
long-term training has been found to results in the development of a
more efficient task-related organization of neural networks during such
tasks (Guo et al., 2017b). Although there is an emphasized task-specific
element to such functional reorganization (Morrone and Pedlar, 2024),
this form of associated neural efficiency has particularly been found in
precision sports, such as within shooting professions. For instance,
professionals in riffle shooting have shown occipital alpha power to
increase during the period preceding shooting, compared to amateurs
(Haufler et al., 2000; Janelle et al., 2000). During pistol shooting,
increased alpha power in occipital regions was also found during the
phases preceding the best shots, which was interestingly found to
decrease during the phases preceding the worst shots (Loze et al., 2001).
Further, expert marksmen have displayed patterns of decreased cortical
activation compared to novice in aiming/preparation period, with
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differences found in central-temporal-parietal areas (Haufler et al.,
2000). These findings indicate that with increased performance, a
decrease in cortical contribution is associated with the task execution.
Such reorganization can be though to be induced as effective strategies
and skills are developed, which result in a decreased reliance on
mechanisms of externally derived visual attention (Smith et al., 1999).
For this reason, in alignment with the findings of the present study, a
plausible link between increased alpha power (i.e., ERS) over occipital
regions may exist to support an increase in visuospatial cognitive abil-
ities across multiple domains.

Interestingly, alpha ERS presented in the left temporal lobes is said to
reflect inhibition of explicit working memory, as well as a reduction in
task-irrelevant processing (Kerick et al., 2004). Within the present study,
differential activity was found in the left temporal regions, such that the
experts displayed relative ERS. An interpretation of left temporal ERS
being displayed by experts, is a reduction of analytical and verbal pro-
cesses due to entering a state of automaticity (e.g., during aiming sport;
Haufler et al., 2000). This interpretation supports the idea of functional
differences in the right and left temporal areas (Lind et al., 1999), and
the cortical idling hypothesis (Pfurtscheller et al., 1996). For this reason,
the results of the present experts are consistent with a memory expla-
nation of the visuospatial task. Further, object recognition, interpreta-
tion, and reconstruction are processed through the semantic ventral
pathway, which terminates in the temporal lobes (Jeannerod et al.,
1995). In conjunction, the pragmatic dorsal and semantic ventral
pathways and regions of termination are said to be responsible for the
cortical control of movement (Kerick et al., 2004). Therefore, increased
alpha powers in left temporal regions are thought reflect functional
coordination between such cortical regions and pathways. As a result,
the increase in left temporal alpha power found in the expert, may be
suggestive of how the practice endured by the experts (i.e., to achieve
the skill acquisition) is thought to decrease the reliance of cortical
processing associated with motor-based working memory.

Topographical maps. Normalized parametric statistics topograph-
ical maps were also used to evaluate neuronal activity across all elec-
trode sites, comparing the expert and novice during a task-active
interval. Reiterated, the psychomotor efficiency hypothesis posits an
enhancement in cognitive-motor processing, characterized by the sup-
pression of task-irrelevant preparatory processes (Hatfield, 2018; Hat-
field and Hillman, 2001; Morrone and Pedlar, 2024). The magnitude of
alpha ERS is said to represent the inhibition of task-irrelevant cortical
regions, reflecting the suppression of irrelevant information processing
(Babiloni et al., 1999; Bazanova and Vernon, 2014; Mazaheri, 2010).
Therefore, decreased alpha powers reflects the release of inhibition, and
thus, the cortical activation of task-relevant information processing
(Neuper et al., 2006; Pfurtscheller & Lopes da Silva, 1999). Importantly,
task-related practice can be thought to refine the orchestration of the
neuromotor processes in the brain (Hatfield, 2018; Hatfield and Hill-
man, 2001). For instance, practice is thought to induce a decrease in
movement-specific conscious processing accompanied by increased
performance, as per the theory of motor skill learning (Fitts, 1967).
Therefore, the reduction in neuromotor noise, or decreased alpha ac-
tivity (i.e., increased power) is thought to occur in alignment with
movement planning and preparation processes as performance, due to a
task becoming more automatic with practice (Smith et al., 1999).
Although some research suggests that no such link between conscious
processing and training exists (Malhotra et al., 2015), overall, psycho-
motor practice is thought to support an enhancement in task execution
and performance, whereby suppressions in task-irrelevant processes (i.
e., diverting resources away from less relevant cortical regions) allows
the reallocation of resources to task-relevant regions (Hatfield, 2018;
Hatfield and Hillman, 2001; Morrone and Pedlar, 2024).

In comparing the present experts to the novices, evident ERS was
displayed in prefrontal electrode sites (Fpl and Fp2) of the experts,
although Fz predominantly displayed evident ERD. ERS was also dis-
played for the experts within right temporal regions (Fc6 and T4).
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Interestingly, activity in the right temporal region is associated with the
reliance of visuospatial processing during task execution (Kerick et al.,
2004). More specifically, increases in alpha power on electrode site T4
have been said to indicate less effortful reliance of visuospatial pro-
cessing, which may represent increased stability as visuospatial skill
acquisition proceeds to higher degrees of expertise (Kerick et al., 2004).
With the experts within the present study displaying ERS in right tem-
poral regions (Fc6 and T4) compared to the novices, such findings are
once again suggestive of increased automaticity experienced by the
experts, within the visuospatial task. Furthermore, with ERS being dis-
played by the experts within central regions (Fc2 and C4), such results
are suggestive of a decrease in no-go responses associated unsuitable
motor-based actions (Delarosa et al., 2020). As the diminishing of alpha
power over central region (i.e., over somatomotor cortex) is mediated
by both real and imagined movement, as well as by proprioception
(Mulholland, 1995; Pfurtscheller et al., 1994), the novices displaying
relative ERD in these regions suggests an increased reliance on conscious
motor-based processing. Of further note, regions which did not display
any relative increases or decreases in power, may suggest that these
regions are not mediated by the task-related neuronal changes modu-
lated by practice within visuospatial construction tasks.

Based on the activity patterns found in the present study, a plausible
conclusion of the experts displaying predominant ERS compared to the
novices, may be that the more skilled individuals in the task, were more
efficient negotiating the specific visuospatial challenges for which they
are highly practiced in. This idea is consistent with findings using an
aiming task as a means of characterizing visuospatial processing
mechanisms, whereby increased alpha power (10-11 Hz) was found in
left central, temporal, and parietal regions of the experts compared to
the novices (Haufler et al., 2000). As an extension, long-term training
has been associated with more efficient visuospatial cognitive process-
ing, for instance in the athletic population (Peng et al., 2022). Within
this previous research, right hemispheric power (particularly, amplitude
of electrode site P3) was significantly greater in table tennis athletes
than in the control group. Such research demonstrates a
right-hemisphere advantage in spatial cognition, whereby it was
concluded that long-term training strengthened the visual-spatial pro-
cessing ability of the athletes. As a result, the previous research
concluded the visuospatial advantage effect to be reflected in the neu-
roplasticity of the right hemisphere (due to it being the dominant
hemisphere for spatial processing), although the characteristics of lat-
erality in non-athletes remains unclear (Peng et al., 2022). As the pre-
sent study did not find any dominant patterns of laterality, it is
concluded that further research to investigate the prevalence of domi-
nant right-hemispheric advantage within experts of alternative visuo-
spatial tasks, is warranted.

Applications and limitations. The results of the present work are
proposed to assist EEG-based neurofeedback techniques and agendas
associated with visuospatial cognitive performance (Morrone and Min-
ini, 2023). For instance, such measurable quantifications of selective
cortical adaptations may be used to monitor neuronal indices associated
task performance, e.g., as an objective quantification along/throughout
phases of skill acquisition and/or performance optimization (see: Gong
et al.,, 2021). Although further studies using the presented EEG-based
indices for the use of neurofeedback for the development and/or
enhancement of visuospatial cognitive performance, is required.

While the present study suggests potential global and local neural
correlates associated with expert visuospatial processing, several factors
may have acted to improve the study, that may be of interest for future
work. For instance, as mentioned, future studies may find value in
pairing the EEG with other neuroimaging techniques in order to locate
and characterize spatially selective neural indices found in EEG mea-
surements. This is particularly because of the volume conduction
properties of EEG measurements make localization of EEG sources
difficult (DiFrancesco et al., 2008). It should also be noted that the study
would have benefitted from having a larger sample size. Also, due to the
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cross-sectional design of the study, the causal relationship of the findings
requires further investigation.

In addition, the present study predominantly emphasized the alpha
band, therefore future work investigating other frequency bands in
greater depth, as well as ratios between frequency bands (e.g., alpha/
theta), may be of value. Further, the present study employed Welch’s
method, which computed Fast Fourier Transform on a shifting temporal
window. For this reason, more sophisticated processing, such as the
wavelet method (Murata, 2005), may be of value within future work.
Lastly, value may be found in the skill acquisition of the visuospatial
construction task in order to map the neural adaptations associated with
selective functional reorganization within the task of objective drawing,
in future work.

5. Conclusion

The present study investigated the neural substrate associated with
expert visuospatial processing, through evaluating global neural differ-
ences between expert and novice participants during task-active in-
tervals. Due to the emphasized task-specific nature of selective
functional reorganization posited by neural efficiency (i.e., associated
with psychomotor training; Guo et al., 2017a), experts within the vi-
suospatial task (i.e., visual artists) were used as a means of evaluating
the neural correspondences associated expertise within tasks requiring
high degrees of visuospatial cognition. The expert artists displayed
overall higher global ER% compared to the novice participants within
the task-active interval, particularly in the theta, alpha, and beta bands.
These findings were most evidently displayed in the frontal and occipital
regions of the subject groups. The present results were in support of the
literature which shows greater widespread cortical synchrony being
displayed within experts compared to novices within various domains
(such as sports), as well as with ‘neural efficiency’ within visuospatial
cognitive tasks.

As the argument of neural efficiency predominantly pertains to alpha
band activity, the alpha band was segmented and evaluated into its
lower and upper band constituents. A significant decrease in alpha ER%
from lower to upper activity was found across cortical regions of the
novice group. Notably, greater deviation between lower and upper-
alpha activity was found across scalp regions in the novice group,
compared to the expert. For this reason, the results of the present study
suggested global cortical adaptations in the form of differential alpha-
band activity, being associated with neural efficiency within the
domain of visuospatial processing. Overall, the findings of the present
study demonstrated both global and local EEG-based measurable indices
for selective cortical adaptations associated with performance, within
tasks requiring high degrees of visuospatial cognition. As a result, the
study supports a narrative of generalized neuronal adaptations associ-
ated with visuospatial construction tasks, as means of providing insight
on expert performance within other domains involving high degrees of
visuospatial demand, such as in sports. Further research is required in
order to support this.
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