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Abstract—Musical training has a significant impact on brain organization, leading to functional and struc-
tural adaptations that enhance auditory, visual, motor, and cognitive processes. This study investigates how
extensive musical training shapes functional brain connectivity by comparing professional musicians and
non-musicians. Using EEG phase-locking value (PLV) analysis, we examined neural synchronization across
alpha, beta, and gamma frequency ranges during music perception in tasks with different forms of musical
graphic notation. Our results have shown that musicians demonstrated significantly enhanced functional
connectivity, reflecting a superior ability to integrate auditory, visual, and cognitive information. Specifically,
in the alpha band, musicians showed strong occipital-temporal connectivity across all tasks, with additional
parietal-temporal synchronization during tasks lacking pitch information. Analysis of the beta band activity
revealed significant frontal-temporal connectivity, indicative of enhanced cognitive processing, and task-spe-
cific temporal-occipital synchronization. In the gamma band, musicians exhibited robust frontal-temporal
and frontal-frontal synchronization, associated with advanced emotional and structural music processing. In
contrast, non-musicians displayed reduced, less specialized connectivity patterns, relying on more general-
ized cognitive strategies. These findings provide clear evidence that musical training induces profound func-
tional adaptations in the brain. The enhanced and more efficient cross-regional synchronization in musicians
underscores the role of long-term training in fostering advanced multimodal integration and cognitive f lexi-
bility, which facilitates sophisticated music perception and analysis.
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INTRODUCTION
Musical training has a profound effect on brain

organization and functioning. The evidence for this
emerged over a century ago when Auerbach [1]
observed in post-mortem studies that the temporal
lobes of renowned musicians were more developed
than those of non-musicians. The advent of non-inva-
sive neuroimaging techniques, such as MRI, has fur-
ther confirmed significant structural differences in the
brains of musicians. These differences have been iden-
tified in regions including the auditory [2], somato-
sensory [3], and motor cortices [4], as well as the cor-
pus callosum [5] and cerebellum [6]. These areas are
critical for auditory processing, motor control, and
cognition, and their increased cortical thickness is
likely a result of neuroplasticity driven by extensive
musical practice. Supporting this, musicians exhibit
greater cortical thickness in the left superior frontal
gyrus and deeper sulci in auditory-related regions [7],
which may stem from the intensive activity of neuronal
networks responsible for mnemonic retention, moni-
toring, and retrieval [8]. Concurrently, increased vol-
ume in motor and visual areas reflects enhanced spa-

tial-temporal attention and sensorimotor transforma-
tion [9]. Furthermore, structural covariation studies
indicate that musicians who began training early in life
have larger volumes in areas that facilitate coordinated
developmental plasticity between the cerebellum and
cortex, which is essential for integrating spatiotempo-
ral and motor information [10]. However, while these
morphological findings point to the possible effects of
musical training, they do not directly explain the pro-
cesses that underlie music perception.

Musical training profoundly shapes cognitive
development, inducing functional neural adaptations
that differentiate musicians from non-musicians.
Musicians exhibit enhanced auditory processing,
greater acoustic integration, and specialized neural
networks. Hansen et al. [11], using MEG, found that
musicians have more integrated neural processing of
complex acoustic features like frequency deviants. The
authors attributed this to the recruitment of overlap-
ping neural resources for relevant stimuli. The results
of an fMRI study by Jiang et al. [12] suggested that
musicians also have superior musical syntax process-
ing due to greater involvement of the dorsal stream
963
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(inferior frontal and superior temporal gyri), which is
crucial for tonality perception. Thus, musical training
enhances sound sensitivity, verbal abilities, and rea-
soning skills, contributing to the overall cognitive
development [13].

Musical experience promotes not only auditory
skills but also emotional regulation, creativity, and
holistic brain development [14]. Music training has
beneficial effects on overall academic performance
and specific cognitive skills like speech processing [15],
spatial-temporal reasoning [16], and math [17]. These
effects likely stem from universal learning mechanisms
in shared brain regions [15]. At the same time, learn-
ing music, especially notation, is complex, requiring
the integration of auditory, visual, and motor pro-
cesses. Disruption of this multimodal integration can
cause difficulties in both music and general education.

At the neuronal level, the effectiveness of the inte-
gration processes may be assessed using EEG, fMRI
or MEG by measuring synchronization between dif-
ferent brain areas. For instance, synchronization in
EEG signals is required to perceive pitch and rhythm
simultaneously [18, 19]. This synchronization is influ-
enced by musical experience, differing between pro-
fessionals and amateurs [20, 21]. Thus, measuring
synchronization could help monitor the acquisition of
music perception skills.

Musical training enhances intra- and inter-net-
work brain connectivity, leading to more efficient,
automatic functions [22]. Musicians show stronger,
more efficient networks for auditory tasks like interval
recognition [21] and greater sensory-motor-cognitive
integration. Conversely, non-musicians rely more on
default-mode networks [23] and visual cues for audio-
visual integration [24], reflecting a more generalized
approach to music perception. These differences indi-
cate that musical training induces not only quantita-
tive, but qualitative neural changes [25].

Musicians’ brain connectivity varies with expertise,
indicating neural adaptations from training. For
instance, musicians with improvisational training
show different inter-network connectivity than classi-
cal musicians, with more dynamic responses in EEG
alpha (8–12 Hz)/beta (15–30 Hz) ranges, as defined
in [26]. While training enhances specific connectivity,
its expression varies with individual experience [27].
Given the role of brain synchronization in acquiring
musical skill, this work aims at investigating its contri-
bution to the process of musical notation perception,
and in particular, to determining the functional con-
nections that are responsible for integration of visual,
frequency (pitch) and rhythmic (beat) information.
Using a novel EEG paradigm, we analyzed connectiv-
ity as participants simultaneously listened to melodies
and read their notation. The design and results of the
study are detailed below.
HERALD OF THE RUSSIA
METHODS
Subjects. The study involved 47 healthy partici-

pants (29 women, 18 men; mean age 30 ± 11.3 y.o):
34 were musicians and 13 were controls. The musi-
cians had ≥8 years of classical education at a music
school, were actively practicing playing music, and
had on average 21 years of musical experience (SD =
12.9). Their instruments included piano, guitar, vio-
lin, f lute, accordion, bayan, and balalaika. Controls
had no prior training in instrumental performance or
music theory. Informed consent was obtained from
aprticiapants and the study was approved by the local
ethics committee.

Experimental tasks. During the experimental ses-
sion, participants completed tasks assessing music
notation perception by matching heard melodies to
their symbolic representations and identifying the
final note played. The musical stimuli consisted of
monophonic melodies, drawn from classical solfeggio
texts and varying in complexity. In total, 30 melodies
of varying lengths (from 6 to 40+ notes), played at fast
and slow tempos, were used in each experimental ses-
sion. The graphical representation of the melodies
could take one of the 5 following forms (Fig. 1):

 type 1: Classical notation;
 type 2: Rhythm-only (no pitch information);
 type 3: Pitch-only (no rhythm information);
 type 4: Note count only (no pitch or rhythm

information);
 type 5: Verbal description (no rhythm informa-

tion).
Audio stimuli were presented in a random order

along with a random graphical representation selected
from the five aforementioned variants. Stimuli were
delivered via the in-house software “NoteIT”
(national software register number 2024617431),
which recorded response accuracy and reaction time
for each trial. The response time was not limited.

EEG registration. During the experimental session,
participants were sitting 80 cm from a 22-inch screen
in a quiet room. Monophonic sounds were played via
2 speakers positioned 80 cm in front of the partici-
pants. Participants were instructed to minimize move-
ments and refrain from singing to ensure EEG quality.
EEG was recorded using a wireless “NeuroPoly-
graph” (Neurotech, Russia) with 21 channels (FP1,
Fpz, Fp2, F3, Fz, F4, F7, F8, C3, Cz, C4, P3, Pz, P4,
T3, T4, T5, T6, O1, Oz, O2) arranged according to the
10-20 system, referenced to the mastoids. Impedance
was <20 kΩ. Data were sampled at 500 Hz, transmit-
ted via Bluetooth to a laptop, and saved using Neuro-
tech software. Recordings occurred during task com-
pletion. An electrode on the left eyelid was used to
track eye blinks (EOG signal) for consequent artifact
removal. A 20-second silent baseline period preceded
the test. Participants could rest between tasks and pro-
ceed to the next task by clicking a “Next” button.
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Fig. 1. Five variants of symbolic melody representations used in the study.

Type 1. A "classical" notation

Type 2. A representation containing only the rhythmic pattern without pitch information

Type 3. A representation containing information solely about pitch

Type 5. A representation containing verbal description of the melody

Type 4. A representation indicating only the number of notes in the melody
EEG preprocessing. EEG data were preprocessed
offline using MNE library [28]. Data were filtered
(0.5–50 Hz) and epoched around melody listening
periods (±2s). Artifacts were corrected using Indepen-
dent Component Analysis (ICA) [29]: the compo-
nents correlated with recorded EOG signals were
removed. A Laplacian reference was applied to miti-
gate volume conduction. Finally, epochs were filtered
into alpha (8–13 Hz), beta (13–30 Hz), and gamma
(30–50 Hz) bands using a zero-phase FIR filter for
subsequent synchronization analysis.

Data analysis. To evaluate the functional connec-
tivity (FC), we used the phase-locking value (PLV)
[30], which is a measure of the phase difference con-
sistency between two signals over time. PLV between
two signals  and  was computed as follows.
First, the phases of each signal were estimated by con-
structing analytical signals of two narrowband signals
using the Morlet wavelet transform. Once the signals
were transformed, the instantaneous phases  and

 for each time point t were obtained. Then, the rel-
ative phase difference was calculated. The next step
involves constructing a complex exponential from the
relative phase and the PLV is calculated by averaging
the modulus of these complex exponentials over the
entire time series.

For each participant, phase-locking value (PLV)
matrices were calculated for a 20-second pre-experi-
ment silence (baseline) and for five task types (each
being an average of six trials). Baseline connectivity

( )kx t ( )lx t

φ ( )k t
φ ( )l t
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was subtracted from each task-type connectivity
matrix, with negative values set to zero. PLV values
from musician and control groups were compared
pairwise using the Mann–Whitney U test. Only con-
nections with significant differences (p < 0.05) were
retained. Final matrices for musicians and controls
were averaged within their groups, showing only these
significant results. Response accuracy and reaction
times were also compared between groups (Mann–
Whitney U test) and within the control group across
types (Wilcoxon test).

RESULTS
The accuracy of musicians’ responses was signifi-

cantly higher than that in the control group across
most task types (Fig. 2). The control group’s error rate
was consistent across task types (e.g., type 1: mean =
3.14; type 3: mean = 4.67), with no statistically signif-
icant differences between them. In contrast, musicians
made nearly no errors in type 1 (classical notation,
mean = 0.9) and type 3 (pitch-only, mean = 0.8) tasks.
Their errors increased in tasks without pitch informa-
tion, and their performance in type 4 task (note count
only) was statistically indistinguishable from that of
the control group (p = 0.14).

The control group had significantly shorter reac-
tion times than musicians in certain tasks (Fig. 3).
Musicians took significantly more time on tasks with-
out pitch (types 2, 4) and on type 5. In contrast, con-
trol participants showed no statistically significant dif-
 Vol. 95  No. 6  2025
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Fig. 2. Accuracy comparison between musicians and the control group for each task type. Significance levels: ***p < 0.01,
**p < 0.05, *p < 0.1; n.s., not significant.
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Fig. 3. Comparison of reaction times by task type between groups. Significance levels: ***p < 0.01, **p < 0.05, *p < 0.1; n.s.,
not significant.
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Fig. 4. Functional connectivity between EEG electrodes in alpha, beta, and gamma frequencies ranges.
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ferences in their response times across all task types
(type 1: 1.99s; type 2: 2.32s; type 3: 2.36s; type 4: 2.53s;
type 5: 3.11s).

No significant gender differences in accuracy or
response rate were found among musicians.

Figure 4 shows the top 10 significant functional
connections in the alpha, beta, and gamma bands.
Positive PLV values indicate connections that were
stronger in musicians; negative values indicate con-
nections that were stronger in controls. There were no
statistically significant functional connections charac-
teristic of the control group that were absent in musi-
cians at a phase locking value (PLV) level above 0.05.

DISCUSSION

This research has shown that musicians express
increased alpha, beta, and gamma phase synchrony
during listening, suggesting stronger functional con-
nectivity from their training. These findings align with
Eierud et al. [31], indicating that musicianship may
enhance brain and cognitive reserve.

Furthermore, our results indicate significant hemi-
spheric differences in brain activity, with musicians
demonstrating stronger left-hemisphere synchrony
during music perception. This suggests that musicians
may engage more language-associated brain regions
when processing music, given the left hemisphere’s
HERALD OF THE RUSSIAN ACADEMY OF SCIENCES 
established role in language and analytical functions.
Consequently, musicians might not merely hear music
but interpret it in a more structured and nuanced
manner, similar to language processing. An alternative
explanation for this asymmetric brain activity is
offered by Rosenthal [32], who proposed that the lat-
eralization of expectations depends on the type of
expectation generated by the context. According to
this view, the left hemisphere primarily manages
higher-level processing for sequential expectations,
while the right hemisphere is more engaged for non-
sequential ones. The tasks in this study, which
involved sequentially presented expectations, align
with this framework. This was corroborated by musi-
cians’ reports that they would glance ahead in the
musical score to anticipate the upcoming notes they
were hearing.

Subsequent analysis examined the results within
distinct frequency bands. In the alpha band, a robust
connection was observed between the occipital lobe
(Oz) and the temporal lobe (T3), independent of the
task performed. However, for tasks where note repre-
sentation lacked pitch information, a statistically sig-
nificant enhancement of the functional connection
between the central lobe Cz and the temporal lobe
(T3) was found. This may signal the integration of
auditory information into cognitive processing.
 Vol. 95  No. 6  2025
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In the beta band, a pronounced connection
between the frontal regions (F7, Fz, F3) and the left
temporal lobe (T3) was also identified, regardless of
the task type. This likely reflects significant cognitive
engagement during these tasks. The strong beta-range
connectivity suggests the involvement of an integrative
network, where cognitive control mechanisms in the
frontal lobe interact closely with auditory processing
in the temporal lobe. Furthermore, during tasks lack-
ing pitch information (types 2, 4, and 5), a statistically
significant synchronization emerged between the tem-
poral cortex (T3) and the occipital cortex (O1), a find-
ing not present in the non-musician group.

In the gamma band, synchronization in musicains
was observed in the frontal region between FpZ and
Fp2 for all task types. This suggests an active process-
ing of complex musical structures, a clear distinction
from the non-musician group, whose results were sta-
tistically indistinguishable across different tasks. This
uniformity implies that non-musicians process tasks
in the same way, regardless of the musical melody’s
representation. Since control group participants were
entirely unfamiliar with musical notation and could
not read it, their performance in every task type was
effectively reduced to counting notes. Furthermore,
musicians exhibited pronounced gamma-band syn-
chronization between the frontal lobe (Fp2, Fz) and
the temporal region (T3) in all tasks, underscoring the
significant role of auditory information in their task
resolution. The synchronization level in the gamma
frequency range was the highest compared to other
bands, which aligns with the findings of Bhattacharya
and Petsche [33]. Their research demonstrated that
musicians, unlike non-musicians, exhibit a signifi-
cantly greater degree of phase synchrony in the gamma
range while listening to music. This indicates that
musical training may enhance the brain’s capacity for
synchronizing neural activity within this frequency
range during music processing.

The observed reaction times of musicians and non-
musians were not consistent with the earlier findings
of Medina and Barraza [34], who reported that musi-
cians have a statistically significantly shorter reaction
time than non-musicians. However, for specialized
tasks involving the reading of specific musical nota-
tion, listening to music, and comparing the two, musi-
cians actually respond more slowly. This delay is likely
attributable to a higher cognitive load; when extracting
information from both the auditory stimulus and the
graphical notation, musicians tended to prioritize
response accuracy. In contrast, non-musicians
demonstrate substantially less motivation to answer
correctly, as their self-expectations were inherently
lower – a factor that, according to Rosenthal [32], is
crucial in shaping how listeners perceive music.
HERALD OF THE RUSSIA
CONCLUSIONS

This research underscores the significant influence
of musical training on the brain’s functional connec-
tivity, especially concerning music perception and the
integration of multimodal inputs. Through an exam-
ination of EEG phase synchronization across various
frequency bands during musical notation tasks, we
identified marked distinctions between musicians and
non-musicians. Musicians displayed strengthened
functional connectivity in the alpha, beta, and gamma
bands, with significant synchronizations observed
among frontal, temporal, parietal, and occipital areas.
This indicates that musicians have developed a more
efficient and specialized neural network for handling
complex auditory and visual data. Conversely, non-
musicians did not exhibit these task-specific synchro-
nization patterns, instead processing musical stimuli
in a more uniform way that relied chiefly on visual
cues and less complex cognitive strategies. This diver-
gence is likely attributable to their lack of familiarity
with musical notation and the absence of the special-
ized neural adaptations that result from musical train-
ing. These outcomes offer novel insights into the neu-
ral mechanisms that support music perception and
how musical training molds functional brain connec-
tivity. The findings underscore the critical role of mul-
timodal integration and hemispheric specialization in
musicians, which underlies their capacity for efficient
processing of complex musical stimuli. Moreover, this
study points to the promise of EEG-based connectiv-
ity analysis as a method for assessing and tracking the
progression of musical skills and auditory-cognitive
integration. Subsequent studies may investigate how
varying degrees and forms of musical expertise affect
connectivity patterns, and whether comparable neural
enhancements are present in other learning domains
that demand multimodal integration.
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