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The brain synthesizes meaningful interpretations out of the surrounding 

environment, by integrating sensory input collected by multiple senses. 

Learning based on contextual multisensory stimulation is considered superior 

to unisensory. Multisensory methods implemented in rehabilitation and 

educational studies have demonstrated remarkable neuroplastic changes within 

cortical networks. However, the exact mechanisms underlying the ensuing 

neuroplasticity continue to elude comprehension. The present work intends to 

address this gap at the large-scale level by modeling the experience-induced 

alterations of multisensory and unisensory training in the effective cortical 

networks that subserve visual, auditory, and audiovisual information processing. 

Pre- and post-training EEG analysis demonstrated that the cross-modal training 

alters significantly the effective connectivity networks in all three modalities, 

whilst the unisensory methodological approach exerts impact solely on a 

unisensory (auditory) system. The regions that exhibit most of the alterations 

are identified within the left medial frontal gyrus (MFG), the left inferior frontal 

sulcus (IFS), as well as the left insula, areas with renowned multisensory 

properties. The reconfiguration of the connections following the multisensory 

training and during the visual and auditory integrative processes concerns mainly 

higher-order cortical areas, suggesting a top-down process affecting unisensory 

perception. The results of our study not only strengthen the theory of the 

superiority of multisensory training compared to unisensory but also indicate 

that the influence of multimodal training on the unisensory systems succeeds 

through feedback connections from higher-order association areas, highlighting 

the complexity of neurophysiological pathways of human perception. 
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Introduction 

Multisensory integration is the process by which information 
from simultaneously experienced unisensory modalities is fused 
and forms a single percept (Marks et al., 2018). Investigating the 
neural networks subserving the multisensory integration could 
uncover insightful knowledge about human perception pathways. 
The precise mechanisms underlying multisensory integration 
remain under investigation; however, current knowledge indicates 
that it takes place in both lower and higher-order brain structures 
(Cappe et al., 2012). 

The prevailing theory supports that the process accountable 
for achieving multisensory perception is the convergence of 
information from dierent senses on the same neurons, termed 
multimodal, located in various cortical and subcortical regions 
(Ghazanfar and Schroeder, 2006; van der Stoep et al., 2017; 
Merrikhi et al., 2022). Those neurons exhibit distinct integrative 
properties depending on their location and synaptic architecture. 
For example, only a minority of cortical bimodal neurons (17%) in 
monkeys generate a superadditive response, compared to neurons 
in the Superior Colliculus (55%) and with a substantially lower 
degree of enhancement (33% vs. 88%). Furthermore, dense and/or 
axo-somatic synapses are more likely to aect the post-synaptic 
neuron’s spiking activity than the sparse and/or axo-dendritic ones 
(Meredith et al., 2012). An additional concept that could support 
supplementarily the multisensory interplay concerns the mixing of 
inputs from dierent cortical areas due to temporal convergence of 
the incoming information (Fries et al., 2001; Cappe et al., 2012). 

Another way to explicate the integration of information 
across sensory modalities is through the synchronization of neural 
oscillations (Kayser et al., 2008; Engel et al., 2012; Bauer et al., 
2020). This concept is considered to occur through phase reset 
or phase shifting that exerts a neural oscillation generated in an 
early or association sensory cortex to another neural oscillation of 
dierent localization (Lakatos et al., 2009; Engel et al., 2012). More 
importantly, the aforementioned theory can interpret multimodal 
interactions from micro- to large-scale levels. Whether the 
underlying mechanism of neural coherence is the propagation of 
the signal through anatomical connectivity or this synchronization 
could also stem from wireless communication between brain areas, 
i.e., through the eects of electric field -ephaptic interactions-, and, 
thus, constitute a mechanism of multisensory integration on its 
own, remains an open question (Durand, 2019; Depannemaecker 
et al., 2020). 

Up to date, the exact neuronal loci of multisensory 
integration cannot be identified in humans since the non-invasive 
electrophysiological (e.g., EEG, MEG) and imaging techniques 
(e.g., fMRI) used during cognitive tasks are not designed to track 
the response amplitudes at the single-neuron level. However, 
through these instrumental methods, the flow of information at 
the large-scale level, i.e., across brain structures, can be determined 
by utilizing the metric of eective connectivity. Anatomical studies 
in non-human primates, along with task-based functional studies 
in multimodal environments in humans, have established the 
presence of diverse feedforward, lateral, and feedback connections 
between and within primary and higher-order sensory cortices 
(Driver and Spence, 2000; Foxe and Schroeder, 2005; Ghazanfar 
and Schroeder, 2006; Kayser et al., 2007), as well as subcortical 

regions (Cappe et al., 2009), reinforcing the scenario of the 
existence of multisensory neurons throughout multiple brain 
areas. In parallel, we are moving away from the theory of strict 
hierarchical organization of the brain, since studies have shown 
that higher-order cortical areas are activated at about the same 
time as lower-order areas (Nowak and Bullier, 1997; Schroeder 
et al., 2001; Merrikhi et al., 2022). 

From a cognitive point of view, temporal or spatial 
correspondence of the external cues is highly important when 
deciding which stimuli to integrate into a common percept and 
which to retain as segregated events (Noppeney, 2021). However, 
an assessment based solely on these stimulus characteristics is 
insuÿcient; the stimuli must also cohere in a way that provides 
logical validity to the common percept. Within the framework 
of human evaluations, multisensory integration can be studied 
in conditions where the subjects are exposed simultaneously to 
multiple stimuli and called upon to respond to them according 
to some abstract binding rules indicating correspondence of 
the incoming information (Paraskevopoulos et al., 2021). More 
specifically, a method of this kind that has been developed involves 
detecting congruencies and incongruencies between information 
acquired from dierent senses. This approach employs the capacity 
of Mismatch Negativity (MMN) to reflect the brain’s automatic 
detection of the deviance between the incoming input and the 
internally generated representation (Garrido et al., 2009; O’Reilly 
and O’Reilly, 2021; Csépe and Honbolygó, 2024). This pre-attentive 
error detection, along with the subsequent reallocation of attention, 
constitutes elements of deviance/error processing (Berti, 2013). 
An example of a multisensory paradigm, where the detection of 
congruencies and incongruencies can be implemented, is music 
notation reading, which combines visual, auditory, and potentially 
motor information by music learners (Stewart et al., 2003). 

The eects of multisensory training on the brain’s 
neuroplasticity and its supremacy as a learning method over 
unisensory constitute a topic of perpetual interest in cognitive 
neuroscience. A notable relevant research work revealed through 
the computational modeling of an oscillatory neural network, that 
the use of multiple channels accelerates learning and recall by up 
to 80% (Rao, 2018). According to a recent electroencephalogram 
(EEG) study by our group (Paraskevopoulos et al., 2024), uni-
and multi-sensory training may induce neuroplastic changes via 
dierent mechanisms: multisensory training aects multisensory 
processing via focal changes in the β band of brain oscillations, 
while unisensory training increases cross-frequency coupling 
between θ-β and α-γ frequencies across distributed cortical 
regions. Interestingly, researchers established at the cellular level 
the conversion of unisensory neurons to multisensory following 
cross-modal learning through dopaminergic reinforcement in the 
species of Drosophila (Okray et al., 2023). 

Musical learning, a fundamental multisensory training method, 
has been demonstrated to have notable eects on functional 
and structural neuroplasticity, as indicated by M/EEG, fMRI, 
and DTI studies, respectively (Jäncke, 2009). In turn, training-
induced plasticity alters how information from dierent modalities 
is integrated (Paraskevopoulos and Herholz, 2013). For instance, 
musicians integrate audiovisual information dierently from 
non-musicians (Schulz et al., 2003; Haslinger et al., 2005; 
Lee and Noppeney, 2011; Paraskevopoulos et al., 2012), show 
increased resting state functional connectivity among motor and 
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multisensory cortices (Luo et al., 2012) and exhibit enhanced 
structural connectivity in regions (Imfeld et al., 2009; Oechslin 
et al., 2010) such as the corpus callosum (Bengtsson et al., 2005). 
Even short-term piano training in non-musicians can induce 
neuroplastic changes in areas including the premotor region, the 
IPS, Broca’s area, and the inferior parietal region (D’Ausilio et al., 
2006; Lahav et al., 2007). 

The present work utilizes high-density EEG recordings to 
model the eective connectome of the cortex during music 
notation reading in people with no prior musical education and 
to investigate the network modifications induced by 4 weeks of 
multisensory or unisensory training. The neuronal activity was 
captured pre- and post-training during an audiovisual-oddball 
paradigm, which encompasses combined auditory and visual 
stimuli in congruency or incongruency, depending on whether 
they obey the rule “the higher the pitch, the higher the position 
of the disk.” At the same time, unisensory mismatches that 
pertain to the color and the timbre of the note are embedded 
in the experiment, targeting the visual and the auditory system, 
respectively. The hypothesis is that multisensory training will 
have a significantly dierent impact on the eective connectivity 
of the cortical networks subserving the audiovisual, visual, and 
auditory processing compared to unisensory, as regards the 
number of modified connections and the regions involved in the 
connectivity changes. 

Materials and methods 

Subjects 

In this study, a total of thirty participants were recruited. 
They were divided into two groups: the first group (MusicPlast 
group) comprised 15 subjects that received multisensory/musical 
training (age range: 18–35; mean age: 26.53; SD: 3.14; 5 males) 
and the second group (UniPlast group) consisted of 15 subjects 
that received unisensory training, (age range: 18–35; mean age: 
28.67; SD: 5.39; 5 male). The required number of participants 
was determined through an a priori power analysis conducted 
using G∗Power version 3.1.9.7. The analysis was based on eect 
size estimates derived from a previous study employing a similar 
paradigm and analysis (Paraskevopoulos et al., 2015). Specifically, 
the power analysis targeted an F-test for a repeated-measures 
ANOVA with a within-between interaction, using an eect size 
(f) of 0.359 calculated from the interaction eect on network 
density in the earlier study. We set the significance level at 
α = 0.05, the desired statistical power at 0.95, with 2 groups 
and 4 measurement points (i.e., combinations of condition 
and time). Based on these parameters, a total sample size of 
30 participants (15 per group) was determined to be suÿcient, 
yielding an actual power of 0.998. None of the subjects had 
received musical education before the study, apart from the 
mandatory lessons in primary and high school. Furthermore, 
all participants were right-handed based on the Edinburgh 
Handedness Inventory (Oldfield, 1971), exhibited normal auditory 
capacity, normal or corrected-to-normal vision, and did not 
mention any neurological condition, mental health disorder, 
prior brain injury, or intake of central nervous drugs, that 

could compromise the reliability of the results of the study. 
Informed consent in written form was obtained from all 
participants before their participation in the study. The study 
protocol was approved by the Aristotle University of Thessaloniki 
Research Ethics Committee. Participants were recruited as 
part of MusicPlast, a randomized controlled trial registered 
at ClinicalTrials.gov under identifier code NCT03786185. 
All participants completed the 4-weeks training intervention 
(unisensory or multisensory) and the pre- and post-training 
evaluation. 

Experimental procedures 

Stimuli 
During the experiment, proposed initially by Paraskevopoulos 

et al. (2012), the subjects received audio-visual information through 
sequences of 5 concurrent images and sounds. The images were 
composed of five white horizontal lines on a black background and 
a blue circle placed in the middle of the horizontal direction and 
in one of the four spaces between the lines. The auditory stimuli 
corresponded to tones of a concrete pitch. Combinations of four 
dierent sinusoidal tones were used to create the five-tone melodies 
(F5, 698.46 Hz; A5, 880.46 Hz; C6, 1046.50 Hz; and E6, 1318.51 Hz), 
with the first tone of all melodies being C5. The tones had a duration 
of 400 and 10 ms rise and decay time (44,100 kHz, 16 bit). Each 
melody had an interstimulus interval of 500 ms between each tone, 
resulting in a total duration of 4 s for each melody. For each tone 
played, the blue circle appeared at the appropriate location at the 
same time and for the same duration as the tone. 

There were four dierent conditions embedded in the 
experiment, depending on the accordance within and between 
the visual and auditory stimuli. The audio-visual stimuli could 
be congruent or incongruent depending on whether they obeyed 
the rule “the higher the pitch, the higher the position of the 
disk” or not. This principle resembles the well-established notion 
of crossmodal correspondence (Spence, 2011; Parise and Spence, 
2012); however, in the present paradigm, it is implemented 
as a rule-based, sequential mapping akin to musical notation 
(movable C), where relative transformations rather than absolute 
feature associations determine congruency. Moreover, there could 
be a deviance of visual or auditory stimulus, suggested by a 
dierence in the color of the circle or the timbre of the tone, 
respectively. Specifically, the auditory (timbre) deviant stimuli 
were prepared by replacing one of the tones with another of 
the same frequency, generated using a sawtooth waveform, and 
filtered with a low-pass filter set at 5000 Hz. For the visual 
(color) deviant stimuli, the blue circle of one of the images 
was replaced with a red circle, creating a mismatch in terms 
of the visual input. In both cases of unisensory mismatches, 
there was no violation of the rule of congruency between sound 
and image, since the pitch height and the position of the circle 
coincided. Additionally, the deviance was never in the first tone– 
image pair but was equally likely to appear in each of the other 
four places. Therefore, in total, there were four conditions of 
stimuli: the audiovisual congruent, the audiovisual incongruent, 
the visual mismatch, and the auditory mismatch (Figure 1A). For 
each of the four video categories, eight distinct melodies were 
prepared. 
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FIGURE 1 

Illustration of the experimental procedure. (A) Pre and post-training evaluation through high-density EEG recordings during an audiovisual oddball 
paradigm. (B1) MusicPlast training: audiovisual (multisensory) training via a computerized music reading regime. (B2) UniPlast training: simultaneous 
auditory and visual training that targeted each modality independently; hence, unisensory rather than multisensory integration processes were 
employed. 

Apparatus 
The brain activity induced by the multisensory stimuli was 

recorded by a Nihon-Kohden 128-channel EEG system with an 
active (actiCAP128, Brain Products) and a passive (R-Net, Brain 
Products) electrode cap. The caps were evenly distributed among 
the groups, and each subject consistently wore the same cap 
for both pre-training and post-training measurements. The data 
acquisition was performed with a sampling rate of 1000 Hz and 
took place in a controlled environment within an electrically 
shielded and acoustically insulated room. To ensure optimal signal 
quality, the impedance of the electrodes used in the ActiCAP 
system was maintained below 5 k, and that of those used in the 
R-Net below 20 k. For the auditory stimulation, participants wore 
closed-type headphones (Phillips SHL3260) through which sound 
was presented at a level 60 dB higher than their individual hearing 
threshold. Regarding the visual stimulation, a flat-panel display 
was positioned approximately 110 cm away from each participant. 
The display had a refresh rate of 60 Hz and a spatial resolution 
of 1280 × 768 pixels. The visual stimulus covered a viewing angle 
ranging from −1.15◦ to 1.15◦ vertically and from −3.86◦ to 3.86◦ 

horizontally. To ensure the subjects’ attentiveness and cooperation 
during the experiment, video monitoring was employed to verify 
their alertness and compliance. 

Design 
Videos of all four conditions were presented via Presentation 

software (Version 18.0, Neurobehavioral Systems, Inc., Berkeley, 
CA)1 to the subjects, who subsequently had to respond to the 

1 www.neurobs.com 

stimuli according to their accordance via button press. More 
specifically, before the beginning of the EEG recordings, the 
participants were provided with instructions and tried out a video 
example from each category. In total, 512 videos were presented 
to the participants (128 videos of each category), separated into 
4 blocks, with each block lasting ∼14.5 min with short breaks 
in between. Videos were randomly mixed together, and after the 
presentation of each video, the participants had 2.5 s to respond 
if the video was congruent or incongruent, using two buttons in 
their right hand, and if there was a tone sounding dierently than 
all others or a circle of a dierent color, using two buttons in their 
left hand. Moreover, on the screen, it was shown which button 
corresponds to each answer. 

Multisensory training 
The first group, named MusicPlast, received multisensory 

training through an online platform2 that is accessible by desktop 
or mobile devices and implements the presentation of videos 
in a serious game environment. The web-based platform was 
initially developed for the study of Paraskevopoulos et al. (2021), 
using the software Adobe Captivate 2017.3 In contrast to the 
experimental procedure, the training involved only two out of 
the four categories of stimuli: the audiovisual congruent and the 
audiovisual incongruent. The two conditions were prepared in the 
same manner as those of the experiment, with the exception that 
the melodies weren’t simple sequences of tones but short segments 
of 40 famous Greek songs performed with piano. As regards the 

2 http://parasvag.webpages.auth.gr/MusicPlast/game1.php 

3 https://www.adobe.com/products/captivate.html 
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incongruent videos, only for one of the tones included, the position 
of the disk violated the rule “the higher the pitch of the tone, 
the higher the position of the disk,” and the mismatch was never 
presented in the first or the last tone of the melody (Figure 1B1). 

Furthermore, 3 additional levels of diÿculty were created: In 
the second level, background noise (white noise) was added to 
the sound of the videos, at a volume 6 decibels lower than that 
of the piano tones. The third level included a visual distortion of 
the videos through the application of grain to the video medium, 
set at an opacity of 75%. The fourth and final level, analogous to 
the third, involved both auditory and visual distortions, with white 
noise having higher intensity (the same decibels as piano tones). 

The duration of each video spanned from 4.92 to 8.25 s 
(M = 6.89, SD = 8.42), while the number of tones incorporated 
in each video ranged from 8 to 16 (M = 13, SD = 2). 80 videos 
were generated for each level of diÿculty (40 congruent and 
40 incongruent) and randomly distributed in 5 sets (sessions) 
of 55 videos each, with each session lasting about 20 min. 
Thus, the platform included 20 sessions in total. Over the 
course of 4 weeks, participants were required to complete all 
20 training sessions, finishing a diÿculty level (5 sessions) per 
week. Utilizing their personal devices, including desktop and 
mobile devices, participants were directed to access the e-learning 
platform’s webpage. 

After the presentation of each video, the participants had to 
respond through a button press whether there was a violation of 
the above-mentioned rule or not. Subsequent to the button press, 
a message on the screen, lasting for 3 s, informed them about the 
correctness of their answer. At the end of each practice session, the 
website displayed their score as a percentage of accurate responses. 
Simultaneously, a box popped up and requested for their special 
code, transferring their data to the training website. 

Unisensory training 
The second group, named UniPlast, received unisensory 

training through the same online platform,4 accessible by desktop 
or mobile devices. The training procedure triggered concurrently 
both the visual and auditory domains, but targeted each one 
independently, indicating that multisensory processes weren’t 
employed. Specifically, in the control task, the subjects were 
exposed to a video containing 2 similar images that could dier or 
not by some details and were asked to spot the dierences (visual 
training); at the same time, they listened to a familiar musical 
piece that could be modified or not to include a dissonant part. At 
the end of the video, they were called to respond to whether the 
music contained a dissonant part (auditory training) and how many 
dierences they spotted in the image (Figure 1B2). Immediately 
after their response, the subjects received a feedback for 3 s on 
the correctness of their choice, and the procedure moved to the 
next video. Each video lasted for 4 min, and each session included 
4 such videos, compiling a training session of equal length to 
the MusicPlast one. 

Subjects had to perform 20 sessions of the training, which 
following the prototype of the MusicPlast one, had 4 levels of 
diÿculty, defined by the amount of visual or auditory noise added 
to the video to additionally train the ability to discriminate the 

4 http://parasvag.webpages.auth.gr/MusicPlast/game2.php 

(auditory or visual) object from noise (first level has no noise, 
second has auditory noise, third auditory and visual noise and 
fourth one auditory and visual, but of increased noise intensity). 
At the end of each session, the platform presented their score as a 
percentage of correct responses, and a pop-up window prompted 
them to provide their participant code and send the data to the 
e-learning platform. 

Importantly, the control training employed divided attention 
(the trainee had to focus on both the visual and the auditory 
task at the same time), and hence greater attentional resources 
were expected to be recruited. This dierentiation across the two 
trainings managed to be balanced by their overall structure, which 
included a slower stimulus presentation rate in the UniPlast vs. the 
MusicPlast training (4 videos of 4 min each in the control training, 
while 55 videos of ∼ 5 s each in the MusicPlast training). 

EEG data analysis 

EEG preprocessing 
EEG data were preprocessed using Brainstorm, an open-

source application that performs analysis of brain recordings.5 

The recorded data were segregated into epochs of 4 s around 
the onset of the stimulus, including a pre-stimulus interval of 
2 s, and imported into the database. Afterward, artifacts due 
to eye blinks or any other bad segments were removed by an 
automatic artifact detection algorithm embedded in Brainstorm. 
The aforementioned algorithm performs Signal-Space Projection, 
which removes artifacts with consistent spatial patterns, such as 
eye blinks or muscle activity, by computing a projection matrix 
that filters the signal (Vosskuhl et al., 2020). The projection matrix 
is the inverse matrix of a cross-covariance matrix between the 
reference signals (EOG, EMG) and the EEG signal (Uusitalo 
and Ilmoniemi, 1997). To avoid introducing distortions into the 
eective connectivity (Granger Causality) estimates, notch and 
band-pass filters were omitted (Bressler and Seth, 2011). 

Subsequently, four dierent event conditions were defined: 
standard, audiovisual incongruent, auditory deviant, and visual 
deviant. Each epoch was synchronized to the last stimulus of each 
stimulus pattern and, following, the DC oset was removed by 
calculating the average signal of each channel at the time window 
[−400, −1] ms prior to stimulus onset and subtracting it from the 
signal of each channel at the full epoch interval [−2, 2] s. 

EEG source analysis 
EEG source analysis was performed using sLORETA, 

implemented in Brainstorm (see text footnote 5), for the neural 
responses of each subject, for each time-point (pre or post), for 
each stimulus category (standard, audiovisual incongruent, visual, 
and auditory deviant), and for each single trial. The resulting 
time series were assigned to the 360 regions included in the 
HCP-MMP1.0 atlas (Glasser et al., 2016), by performing Principal 
Component Analysis decomposition (PCA) on the signals of 
each parcel and opting for the first mode. The selection of this 
atlas was made to achieve a compromise between two important 

5 http://neuroimage.usc.edu/brainstorm 
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factors. Specifically, it aimed to oer an adequate level of functional 
and interpretational precision in reconstructing cortical activity 
time series through a multi-modal parcellation approach, while 
it intended to significantly decrease the number of reconstructed 
sources (Paraskevopoulos et al., 2021). In this manner, a total of 
360 source time-series were extracted. 

Effective connectivity analysis 
Bivariate Granger Causality was employed as a robust metric of 

eective connectivity that has been extensively used and tested in 
cortical network studies (Formaggio et al., 2021; Wang et al., 2024). 
The method, implemented in Brainstorm (see text footnote 5), 
was applied to measure the eective connectivity between the 360 
regions of the HCP-MMP1.0 atlas for each trial of each condition 
(auditory deviant, visual deviant, audiovisual incongruent, and 
standard), subject, and time-point. In total 17037 trials were 
exported to estimate an equal number of 360 × 360 adjacency 
matrices filled with eective connectivity coeÿcients. The directed, 
and hence asymmetric, adjacency matrices of the dierent trials of 
each condition of each subject of each time point (pre-post) were 
then averaged, resulting in one connectivity matrix per stimulus 
category per subject per time-point. Thus, 30 (subjects) × 2 (time-
points) × 4 (categories) = 240 adjacency matrices were generated, 
which were later unified in a 360 × 360 × 240 3-D array (tensor). 

Statistical analysis 
The Network-Based Statistic (NBS) toolbox in MATLAB 

was used to identify the statistically significant alterations of 
connectivity patterns under the statistical framework of the 
Generalized Linear Model (GLM). Initially, the 360 × 360 × 240 
tensor with the eective connectivity coeÿcients was extracted 
from Brainstorm, and three types of statistical comparisons took 
place via permutation (non-parametric) tests. 

More specifically, the first analysis included a permutation 
test of one factor (Condition: Standard and Deviant) for each 
type of deviance (audiovisual, visual, auditory) for all of the 
subjects in the «Pre-» time-point. This analysis aims to reveal the 
connections that subserve the error processing in the audiovisual, 
visual, and auditory modality in people without previous musical 
education. The second analysis implemented a 2 × 2 Generalized 
Linear Mixed Model (Condition: standard and deviant, Time: pre-
and post-training) for each type of deviance (audiovisual, visual, 
auditory) and each group (UniPlast and MusicPlast). Therefore, by 
comparing the cortical networks of the standard versus the deviant 
condition and before versus after each type of training within the 
corresponding group, this analysis showcases the error processing-
modality-specific neuroplasticity, induced by the unisensory and 
multisensory training, respectively. Lastly, a third analysis was 
performed, which implemented a 2 × 2 × 2 General Linear 
Mixed Model (Condition: standard and deviant, Time: pre- and 
post-training, and Group: UniPlast and MusicPlast) for each 
type of deviance (audiovisual, visual, auditory) in an eort to 
indicate directly the dierence between the neuroplastic eects 
of the two trainings. The computation of the modality-specific 
networks depicting the dierences between two distinct conditions 
(e.g., standard versus deviant) or additionally between two time 
points (e.g., pre- versus post-training) or two dierent groups 
(e.g., UniPlast versus MusicPlast) has the advantage of examining 

issues exclusively related to the process of information integration, 
as attention and other cognitive functions are interchangeable 
among the dierent sensory conditions and thus don’t aect the 
interpretation of sensory interactions (Calvert and Thesen, 2004). 

For all the analyses, 10.000 permutations were used, while 
the significance level was set to P < 0.001 corrected for multiple 
comparisons via false discovery rate (FDR) correction. In the end, 
the visualization of the significantly altered eective connectivity 
networks was performed using BrainNet Viewer, and thus, graphs 
with nodes and color-weighted edges, indicative of the F-statistic 
value of each statistical comparison, were generated. For the 
description of the brain regions involved in the statistically 
significant networks, the HCP-MMP1.0 atlas nomenclature system 
was used (Glasser et al., 2016), with each label corresponding to a 
specific parcellation. 

Results 

Behavioral results 

To assess the impact of training on audiovisual processing, 
we compared participants’ behavioral performance on the 
discriminability index before and after the intervention. Statistical 
analysis revealed a significant Group × Time interaction 
[F(1,28) = 4.635; p = 0.042; η2 = 0.168], demonstrating that 
multisensory and unisensory training had dierential eects 
on participants’ ability to detect audiovisual incongruencies. 
Specifically, the MusicPlast group showed a clear improvement 
in discrimination accuracy (pre-training: M = 2.22, SD = 0.44; 
post-training: M = 2.89, SD = 0.82), whereas the UniPlast group 
did not exhibit such gains (pre-training: M = 2.26, SD = 0.49; 
post-training: M = 2.17, SD = 0.82). Neither the main eect of 
Group nor of Time reached significance. 

EEG results 

Audiovisual incongruency identification prior to 
any training 

To model the network dierences between the standard and the 
deviant condition, i.e., the connectome subserving error processing 
in the audiovisual modality of all subjects before training, we 
applied the statistical threshold of p < 0.001 corrected for multiple 
comparisons. To further enhance interpretability and focus on 
the most robust eects within this already significant set, we 
subsequently applied an additional F-value threshold of F ≥ 8. 
The analysis revealed an altered connection between the left dorsal 
Superior Temporal Sulcus (STSd) and the right Hippocampus (H) 
(Figure 2a). 

Visual deviancy identification prior to any training 
The modeling of the network subserving error processing in the 

visual modality of all subjects before training uncovered cortical 
reorganization in plenty of connections (nodes: 40; edges: 24), 
setting the p-value < 0.001 and the additional F-value > 8. As 
indicated by node strength, the region with the greatest role in 
the network was the right IFSa of the inferior frontal cortex, 
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FIGURE 2 

Effective connectivity networks prior to training activated by (a) audiovisual incongruency detection, (b) visual deviancy detection, and (c) auditory 
deviancy detection. Maps of the significant networks derived from the statistical comparison between the standard and the deviant condition for 
each modality are presented. Significance level for all three analyses was set to P < 0.001 corrected for multiple comparisons via false discovery rate 
(FDR) correction, using 10,000 permutations. The color scale used for the depiction of the edges’ significance indicates the F-value range, with a 
threshold value set at 8. 

participating in 4 out of 24 connections. The 5 most significant 
connections (F-value > 10.57) were detected as follows: (a, b) 
from the right IFSa to the right anterior area 9-46v (a9-46v) in 
the dorsolateral prefrontal cortex and to the left area V3CD of the 
MT + complex, (c, d) from the right anterior area TE1 (TE1a) of 
the lateral temporal cortex to the right medial area 7P (7Pm) of 
the superior parietal cortex and to the left Frontal Opercular Area 
1 (FOP1) in the posterior opercular cortex, and (e) from the left 
Intraparietal Area 1 (IP1), which is located in the inferior parietal 
cortex, to the left Insular granular complex (lg) of the Insular Cortex 
(IC) (Figure 2b). 

Auditory deviancy identification prior to any 
training 

Comparing the cortical networks in all subjects between the 
standard and the deviant auditory condition before the training, 
two connections were found to be significantly dierent, setting the 
p-value < 0.001 and the additional F-value > 8. These connections 
arise from the right area 31pd in the posterior cingulate cortex 
(PCC) and the right Medial Superior Temporal Area (MST) of the 
dorsal visual stream and point to the left anterior area 10p (a10p) 
in the orbital prefrontal cortex and the left Primary Somatosensory 
Cortex (area 1), respectively (Figure 2c). 

Audiovisual incongruency identification before 
versus after multisensory training 

The corresponding F-test for the eect of the multisensory 
(MusicPlast group) training in the audiovisual modality identified 
11 statistically significant connections between 7 nodes (p-
value < 0.001; F-value > 8), with 5 of them including the left area 
47 s, located in the orbital prefrontal cortex. Nevertheless, the most 
significant reorganization (F-value > 8.63) concerned the following 
connections: (a, b) from the left area IFJp in the inferior frontal 
cortex and the left Posterior Insular area (PoI1) in the insular cortex 
to the left ventral area 6 (6v) in the premotor cortex, (c) from the 
left RetroInsular Cortex (RI) in the early auditory cortex to the left 
FOP1 and (d) from the left Primary Auditory Cortex (A1) to the 
left area IFJa in the Inferior Frontal Cortex (Figure 3a). 

Audiovisual incongruency identification before 
versus after unisensory training 

The analysis of the unisensory training’s eect on the UniPlast 
Group’s capacity for error processing in the audiovisual modality 
failed to display any statistically significant network reorganization, 
even after increasing the p-value threshold to 0.05 (Figure 3b). 

Audiovisual incongruency identification, 
difference of the trainings’ effects 

The triple interaction of the General Linear Model representing 
the dierence between the eects of the two types of training in 
the audiovisual modality using a p-value < 0.001 and an additional 
F-value > 8 identified a network of great density (nodes: 116; edges: 
206). Importantly, the 5 most statistically significant connections 
that were depicted (F-value > 10.84) are the following: (a) from 
the left area 10v of the Anterior Cingulate cortex (ACC) to the left 
Primary Motor Cortex (area 4), (b, c) from the left area 52 of the 
Early Auditory Cortex to the left Superior 6-8 Transitional area (s6-
8) in the dorsolateral prefrontal cortex and the left anterior area 
6 m (6ma) in the paracentral lobule, (d) from the left area 8C in the 
dorsolateral prefrontal cortex to the left area 7PC in the superior 
parietal cortex, and (e) from the left Medial Belt Complex (MBelt) 
in the Early Auditory Cortex to the left IFJa (Figure 3c). 

Visual deviancy identification before versus after 
multisensory training 

The modeling of the network modifications supporting the 
visual deviancies in the MusicPlast Group, using a p-value 
threshold of 0.001 and an additional F-value threshold of 6.5, 
managed to identify 16 altered connections between 22 regions, 
mainly of the prefrontal cortex. The F-value threshold of 6.5 -
slightly less stringent than the F ≥ 8 used in other analyses- was 
selected as a compromise, since omitting the F-value threshold 
produced an unmanageably large number of connections, whereas 
the initial cuto of F ≥ 8 yielded none. This adjustment allowed for 
a feasible number of connections to be visualized while ensuring 
statistical validity. The left PoI1 was recognized as the node with 
the maximum strength, sharing 3 out of 16 connections. The 5 most 
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FIGURE 3 

Network modifications supporting audiovisual incongruency detection induced by (a) multisensory training in MusicPlast Group and (b) unisensory 
training in UniPlast Group. (c) Difference in network modifications supporting audiovisual incongruency detection between the MusicPlast and the 
UniPlast Group. Statistical parametric maps of the significant networks for the 2 × 2 interaction of condition (congruent vs. incongruent 
stimuli) × time point (Pre- vs. Post-training) for each Group (a,b), as well as for the triple interaction of condition (congruent vs. incongruent 
stimuli) × time point (Pre- vs. Post-training) × Group (MusicPlast vs. UniPlast) (c) are presented. The significance level was set to P < 0.001 corrected 
for multiple comparisons via false discovery rate (FDR) correction, using 10,000 permutations. The analysis of the UniPlast Group failed to display 
any statistically significant network reorganization, even after increasing the p-value threshold to 0.05. The color scale used for the depiction of the 
edges’ significance indicates the F-value range, with a threshold value set at 8. 

statistically significant connections (F-value > 6.95) were depicted 
as follows: (a) from the left area 47 m in the orbital prefrontal cortex 
to the left area PFcm in the early auditory cortex, (b) from the left 
IFJp to the left posterior area TE2 (TE2p) of the lateral temporal 
cortex, (c) from the right dorsoposterior Superior Temporal Sulcus 
(STSdp) to the right s6-8 and (d, e) from the left PoI1 to the 
left 6v and the left OP2-3 area of the posterior opercular cortex 
(Figure 4a). 

Visual deviancy identification before versus after 
unisensory training 

The analysis of the unisensory training’s eect on the UniPlast 
Group’s capacity for error processing in the visual modality also 
failed to display any statistically significant network reorganization, 
even after increasing the p-value threshold to 0.05 (Figure 4b). 

Visual deviancy identification, difference of the 
trainings’ effects 

The statistical analysis of the eect dierence between the two 
types of training in detecting visual deviances identified a network 
of 16 nodes and 12 edges, applying a threshold of p-value at 0.001 
and an additional F-value at 8. Interestingly, region 25 in the ACC 
of the right hemisphere shares 4 out of the total 12 connections with 
areas from all four lobes, displaying the maximum node strength. 
The most statistically significant connection (F-value = 9.66) links 
the left 8C to the left 7PC (Figure 4c). 

Auditory deviancy identification before versus 
after multisensory training 

Statistical comparisons (2 × 2 mixed General Linear Model) 
depicting the eect of the multisensory training on the network 
supporting the identification of the deviances of audiovisual nature 
(p-value < 0.001 and an F-value > 8) demonstrated the following 
connectivity alterations (nodes: 8; edges: 4): (a) from the left IFJa 
to the left Anterior Ventral Insular area (AVI) in the insular cortex, 
(b) from the left PoI1 to the left 6v, (c) from the left middle TE1 

area (TE1m) in the lateral temporal cortex to the right Intraparietal 
area 0 (IP0) in the inferior parietal cortex, and (d) from the 
Ventromedial Visual area 3 (VMV3) of the ventral visual stream 
to the left 8BM area in the ACC, connection that displayed the 
maximum F-value (9.05) (Figure 5a). 

Auditory deviancy identification before versus 
after unisensory training 

The corresponding F-test on the eect of the unisensory 
training on detecting the auditory irregularities managed to identify 
one modified connection, and only after increasing the p-value 
to 0.05. Specifically, this connection springs from the right dorsal 
Lateral Intraparietal area (LIPd) and points to the left s6-8 
(Figure 5b). 

Auditory deviancy identification, difference of the 
trainings’ effects 

Additional statistical comparisons (General Mixed Model of 
3 factors and setting the p-value > 0.001 and the additional 
F-value > 8) identified an especially dense network of 46 edges and 
49 nodes. Nevertheless, the increase of the F-value to 9, reduced 
the complexity of the network (edges: 16, nodes: 21). The area with 
the maximum node strength (5 out of 16 edges) was the right IP0 
with connections to the frontal, parietal and temporal lobes. The 
3 most significantly modified connections (F-value > 10.29) were 
the connections: (a) from the right Lateral Belt (LBelt) in the early 
auditory cortex to the left area 5 m in the paracentral lobule, (b) 
from the left 8C to the left 7PC, and (c) from the left area 52 to the 
left s6-8 (Figure 5c). 

Discussion 

In this study, we investigated the neuroplastic eects of 
multisensory and unisensory training by scrutinizing the 
network reorganization, accountable for error processing, in 
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FIGURE 4 

Network modifications supporting visual deviancy detection induced by (a) multisensory training in MusicPlast Group and (b) unisensory training in 
UniPlast Group. (c) Difference in network modifications supporting visual deviancy detection between the MusicPlast and the UniPlast Group. 
Statistical parametric maps of the significant networks for the 2 × 2 interaction of condition (standard vs. deviant stimulus) × time point (Pre- vs. 
Post-training) for each Group (a,b), as well as for the triple interaction of condition (standard vs. deviant stimulus) × time point (Pre- vs. 
Post-training) × Group (MusicPlast vs. UniPlast) (c) are presented. The significance level was set to P < 0.001 corrected for multiple comparisons via 
false discovery rate (FDR) correction, using 10,000 permutations. The analysis of the UniPlast Group failed to display any statistically significant 
network reorganization, even after increasing the p-value threshold to 0.05. The color scale used for the depiction of the edges’ significance 
indicates the F-value range. The threshold was set initially at 8 for the analyses with statistically significant results, however, it was lowered to 6.5 for 
the MusicPlast Group analysis because, until then, no connections had been detected. 

FIGURE 5 

Network modifications supporting auditory deviancy detection induced by (a) multisensory training in MusicPlast Group and (b) unisensory training 
in UniPlast Group. (c) Difference in network modifications supporting auditory deviancy detection between the MusicPlast and the UniPlast Group. 
Statistical parametric maps of the significant networks for the 2 × 2 interaction of condition (standard vs. deviant stimulus) × time point (Pre- vs. 
Post-training) for each Group (a,b), as well as for the triple interaction of condition (standard vs. deviant stimulus) × time point (Pre- vs. 
Post-training) × Group (MusicPlast vs. UniPlast) (c) are presented. The significance level was set for the analysis of the MusicPlast Group and the 
Group Difference to P < 0.001, corrected for multiple comparisons via false discovery rate (FDR) correction, using 10,000 permutations. The analysis 
of the UniPlast Group failed to display any statistically significant network reorganization with p-value < 0.001, and therefore we increased the 
p-value threshold to 0.05 to identify any modifications. The color scale used for the depiction of the edges’ significance indicates the F-value range, 
with a threshold value set at 8. 

the audiovisual, visual, and auditory modality after 4 weeks of 
each training. Additionally, eective connectivity networks that 
subserve mismatch detection in all three modalities among all 
participants prior to their training were modeled. Calculating 
modality-specific networks that illustrate the dierences between 
two conditions (e.g., standard versus deviant) provides the benefit 
of focusing on information integration processes alone, since 
the rest of the cognitive functions, such as memory or attention, 
remain constant across the two conditions, and thus, their eect is 
not depicted on the ensuing networks. 

The outcomes of the first statistical analysis, comparing the 
standard and deviant conditions before any type of training, 
revealed that individuals without prior musical education exhibit a 
higher density of cortical connections associated with the detection 
of visual mismatches compared to the network recognizing 

auditory or audiovisual deviances. Nevertheless, this observation 
may reflect the specific cues included in the experimental 
procedure, such as the varying degrees of stimulus strength 
across each modality. Color, for instance, could constitute a more 
powerful stimulus for the visual system than timbre is for the 
auditory system. Another explanation could be that people without 
musical education weigh the visual information more than the 
auditory (Paraskevopoulos et al., 2015). The STS was shown to 
have a significant function during the integration of audiovisual 
incongruencies, an outcome that comes in accordance with a 
variety of findings in the existing literature (Hikosaka et al., 1988; 
Barraclough et al., 2005; Cappe et al., 2009). Concerning the visual 
modality, the right IFSa, a short-term-memory-related inferior 
frontal area (Rolls et al., 2023), was found to be a principal node 
for detecting visual mismatches, while its eective connectivity 
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to VC3D of the MT + complex opposes the hypothesis of a 
strict hierarchical model, even within the visual system. This 
finding complies with evidence that association areas can aect 
information processing in unisensory systems via processes of 
down-stream signaling (Skirzewski et al., 2022). 

As regards the impact of the multisensory training on the 
MusicPlast group’s capacity to process information, the identified 
network demonstrated considerable reconfiguration in all three 
modalities (audiovisual, visual, and auditory). A greater degree 
of neuroplasticity was presented throughout the integration of 
audiovisual incongruencies. More precisely, the left region 47 s 
of the orbital prefrontal cortex was found to be a key structure 
of reorganization associated with tasks of detecting cross-modal 
deviances. In literature, area 47 s has been related to the 
processing of linguistic syntax, temporal coherence in music, 
and statistical learning (Levitin and Menon, 2003; Williams, 
2020; Paraskevopoulos et al., 2022). The multisensory-induced 
neuroplastic changes related to the integration of visual and 
auditory stimuli encompassed mainly connections between higher-
order cortical areas however also links from lower to higher-order 
cortical areas or exclusively between lower-order cortical areas 
were detected, indicating both top-down and bottom-up processes 
aecting unisensory information integration. 

The corresponding analysis of the Condition x Time interaction 
in the UniPlast group, which underwent unisensory training, 
failed to identify any statistically significant dierence in the 
connections serving error processing among the audiovisual and 
visual modalities. Concerning the detection of irregularities of 
auditory nature, the statistical comparison before and after training 
revealed only one altered connection, also within higher-order 
association areas (LIPd R, s6-8 L). Nevertheless, the lack of 
neuroplasticity within the visual modality may be attributed to 
the fact that detecting small cue dierences between two similar 
pictures during unisensory learning may exert a smaller Mismatch 
Negativity Response compared to the eect of color change in the 
same picture during multisensory training. 

It is not surprising that multisensory training can be more 
eective than unisensory in inducing neuroplasticity related to 
multisensory or even unisensory tasks. A similar multifeatured 
paradigm implicated in another study by Paraskevopoulos et al. 
(2014) indicated that multisensory training contributes to a greater 
response during post-training audiovisual tasks in comparison to 
unisensory. Likewise, as regards the performance on unisensory 
tasks, various studies have agreed on the superiority of concurrent 
audiovisual exposure as a learning approach when compared to 
training with auditory or visual cues alone (Pekkola et al., 2005; 
Lappe et al., 2008, 2011; Kayser et al., 2009; Hoefer et al., 2013). The 
findings are logical if we consider that when a higher-level process 
is modified, it directly impacts lower-level processes through 
feedback loops. However, when a lower-level process is altered, its 
eects may be too specialized to automatically influence higher-
level processes (Proulx et al., 2012). As a result, training involving 
multiple senses influences the processing of individual sensory 
inputs, but training focused on a single sense cannot influence 
the overall functioning of the multisensory processing system. 
Therefore, the cognitive hierarchy governing the integration of 
these processes can serve as a valuable guide for selecting the 
appropriate training method when targeting specific outcomes. 

The analysis of the three-way interaction of 
Group × Condition × Time point confirmed that the eects 
of the two trainings are significantly dierent in all three 
modalities, especially with regard to the audiovisual. The greatest 
reorganization dissimilarity was detected around the right 25 area 
of the ACC for the visual modality, and around the right IP0 for 
the auditory modality. The discriminability evaluation similarly 
verified the increased learning eect of the multisensory training 
on the audiovisual processing. 

Overall, among the regions with the most prominent role in 
our results about multisensory-induced neuroplasticity were found 
to be the left 6v, which is located in the caudal part of the middle 
frontal gyrus (MFG), the left 8C also in the posterior part of MFG, 
the left PoI1 situated in the posterior long gyrus of the insula, and 
the left IFJa lying in the posterior portion of the inferior frontal 
sulcus (IFS), near the upper border of inferior frontal gyrus (IFG). 
Several recent research works have showcased the role of the MFG 
and IFG as central nodes of the multisensory networks (Li et al., 
2020; Junker et al., 2021). Using an almost identical multifeatured 
paradigm, Paraskevopoulos et al. pinpointed the importance of IFG 
(Paraskevopoulos et al., 2014, 2022) as a key hub that underwent 
modifications due to multisensory learning. Correspondingly, the 
insula, once considered a peripheral element within the existing 
literature, has gained substantial recognition as a pivotal node in the 
process of multisensory integration (Renier et al., 2009; Chen et al., 
2014). Notably, a recent meta-analysis that included 49 studies 
characterized the regions: left IFG, bilateral superior temporal gyrus 
(STG), middle temporal gyrus (MTG), thalamus, and right insula 
as significant neural correlates serving multisensory integration 
(Zhe et al., 2021). To delve further, it is claimed that these regions 
comprise dierent functional roles, with conflict-processing brain 
regions such as the insula and the IFS facilitating the integration of 
incongruent information (Scheliga et al., 2022). 

The findings of our study revealed a notable left lateralization 
within reorganized regions subserving error processing in all three 
modalities. As regards the auditory MMN, this outcome comes 
in accordance with new evidence supporting the left hemispheric 
prevalence during semantic interpretation of lexical tones (Wang 
et al., 2021) instead of right hemispheric dominance during pure 
tone paradigms (Garrido et al., 2009). It seems that the presence of 
an auditory deviation while listening to a possibly familiar melody 
requires more auditory cognitive processing than non-semantic 
acoustic cues analysis resources. 

Whereas previous research has proposed analogous 
occurrences in the aforementioned brain regions incited 
by multisensory experience, our study quantified these 
reorganizational processes through the modeling of eective 
connectivity networks. Our recent study (Paraskevopoulos et al., 
2024), which uncovered distinct neuroplastic mechanisms in uni-
and multisensory training aecting cross-frequency and oscillatory 
processes related to multisensory perception, also provided 
evidence for the automatic transferability of the multisensory 
learning eect. Specifically, when these neural findings were 
integrated with behavioral and cognitive data, they demonstrated 
the superiority of multisensory learning in improving multisensory 
processing while at the same time enhancing general cognitive 
processes. The present study not only reaÿrms the potency of 
multisensory learning but also highlights its superior eÿcacy 
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compared to the unisensory domain, even within tasks that rely on 
unisensory neuronal processes. 

Portraying the dierential impact of multisensory and 
unisensory training on the brain’s functional connectivity 
could elucidate their potential role in rehabilitation and 
educational strategies. Rehabilitation procedures that utilize 
complex, multisensory training tasks have gained increasing 
interest in recent years (Paraskevopoulos and Herholz, 2013; 
Tortora et al., 2024), with musical training being one of the most 
studied types of interventions in clinical conditions associated with 
synaptic disruptions and brain atrophy, such as stroke, Parkinson’s 
Disease, mild cognitive impairment (MCI), and Alzheimer’s 
disease. Analogously, musical training could be implemented 
in the intervention plan for language and reading impairments, 
such as dyslexia, as it seems that musical expertise acts similarly 
to linguistic tasks (Musacchia et al., 2007; Paraskevopoulos and 
Herholz, 2013) and musical ability is positively correlated with 
linguistic and other cognitive or executive functions (Jaschke et al., 
2018; Linnavalli et al., 2018; James et al., 2020; Swaminathan and 
Schellenberg, 2020; Lippolis et al., 2022; Jacobs et al., 2024). 

Last, but not least, there are several human conditions in which 
multisensory processing seems to be disrupted, such as autism, 
schizophrenia, dyslexia, traumatic brain injury, post-traumatic 
stress disorder, and sensory processing disorder (Hahn et al., 
2014; Zvyagintsev et al., 2017; Stein et al., 2019; Wallace et al., 
2020; Toumaian et al., 2024). Various research works have also 
documented significant reductions in auditory MMN amplitude 
in patients with schizophrenia (Umbricht et al., 2003; Koshiyama 
et al., 2020), dyslexia (Baldeweg et al., 1999; Gu and Bi, 2020), and 
autism spectrum disorders (Lassen et al., 2022). How such disorders 
associate with defects in the integration of sensory information 
remains to be determined. Nevertheless, it would be interesting 
to explore whether multisensory learning could yield comparable 
advantages in the multisensory capabilities of these patients and 
whether any improvement in their symptoms can be discerned. 

Limitations 

One limitation of the present study concerns the use of two 
dierent EEG caps during data collection. It is worth noting that 
the use of the two caps was counterbalanced across participants 
to minimize any systematic influence on the results. Alongside, 
the EEG data were analyzed in source space instead of sensor 
space, and hence the eects of the dierent caps were explicitly 
modeled and taken into account prior to Beamformer estimation. 
To further address this concern, we conducted an additional 
ANCOVA within the Network-Based Statistics framework to test 
whether cap type interacted with our main eect of interest 
(group × time × condition). This analysis revealed no significant 
influence of cap type, confirming that the reported results are not 
dependent on the choice of EEG cap. A further limitation arises 
from the correlational nature of brain connectivity research. As 
with all neuroimaging studies, it is not possible to disentangle 
whether neural changes drive behavioral outcomes or whether 
observed connectivity modifications reflect variations in behavior. 
Establishing causal relationships between neural activity and 
behavioral changes would require neuromodulation techniques, 
which were beyond the scope of the present study. 

Future prospects 

It is imperative for future research to explore the 
neurophysiological pathways of multisensory integration and 
disentangle the unique characteristics of multisensory training that 
render it a catalyst for neuroplasticity. Further multivariate analyses 
could shed light on the exact mechanism of information merging 
among the dierent cortical and subcortical regions. At the 
same time, combining the information acquired simultaneously 
by electrophysiological and neuroimaging methods, known as 
multimodal imaging, may incorporate the strong points of each 
modality, which is the localization ability of imaging solutions 
(e.g., fMRI) and the temporal resolution of neurophysiological 
methods (e.g., M/EEG), allowing cortical network modeling with 
greater precision. These avenues for further study hold promise for 
advancing our knowledge of the intricacies of the human brain and 
its wiring mechanisms. 

Conclusion 

The present research work aimed to investigate the neuroplastic 
eects elicited by unisensory and multisensory training on 
eective connectivity networks that subserve visual, auditory, and 
audiovisual perception. The outcomes of the study showcased 
that the cross-modal training altered remarkably the eectivity 
networks in all three modalities, especially in the audiovisual, whilst 
the unisensory methodological approach exerted a slight impact 
solely on the auditory perceptual system. As regards the visual 
and auditory integrative processes following the multisensory 
training, the reconfiguration of the connections concerned mainly 
higher-order cortical areas, suggesting a top-down process of 
aecting unisensory perception. The regions that exhibited the 
most frequent alterations are the left MFG, left IFS, and left insula, 
renowned for their established multisensory attributes, which 
substantiates the findings indicating their susceptibility to the 
influence of cross-modal training. Hence, the results of our research 
not only point to the supremacy of multisensory training compared 
to unisensory, but also illustrate the top-down mechanism by which 
the multisensory learning methods aect the integration of senses. 

Data availability statement 

The datasets presented in this study can be found in 
online repositories. The names of the repository/repositories and 
accession number(s) can be found below: https://git@gin.g-node. 
org/parasvag/MusicPlast.git. 

Ethics statement 

The studies involving humans were approved by Georgios 
Papazisis, Aristotle University of Thessaloniki. The studies were 
conducted in accordance with the local legislation and institutional 
requirements. The participants provided their written informed 
consent to participate in this study. 

Frontiers in Neuroscience 11 frontiersin.org 

https://doi.org/10.3389/fnins.2025.1641862
https://git@gin.g-node.org/parasvag/MusicPlast.git
https://git@gin.g-node.org/parasvag/MusicPlast.git
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-19-1641862 September 18, 2025 Time: 11:7 # 12

Porfyri et al. 10.3389/fnins.2025.1641862 

Author contributions 

IP: Formal analysis, Investigation, Validation, Writing – 
original draft, Data curation, Methodology, Visualization. 
EP: Conceptualization, Data curation, Funding acquisition, 
Investigation, Methodology, Project administration, Supervision, 
Writing – review & editing. AA: Writing – review & editing, 
Data curation, Investigation. CS: Supervision, Writing – review 
& editing. PB: Conceptualization, Methodology, Supervision, 
Writing – review & editing. 

Funding 

The author(s) declare that financial support was received for 
the research and/or publication of this article. This work was 
partly supported by the Hellenic Foundation for Research and 
Innovation (HFRI) under grant agreement No [2089], and partly 
by internal grants from the University of Cyprus and the Aristotle 
University of Thessaloniki, as well as the Interdepartmental MSc 
course on Biomedical Engineering at the Aristotle University 
of Thessaloniki, Greece. 

Conflict of interest 

The authors declare that the research was conducted 
in the absence of any commercial or financial 

relationships that could be construed as a potential conflict 
of interest. 

The author(s) declared that they were an editorial board 
member of Frontiers, at the time of submission. This had no impact 
on the peer review process and the final decision. 

Generative AI statement 

The author(s) declare that no Generative AI was used in the 
creation of this manuscript. 

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable eorts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us. 

Publisher’s note 

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

References 

Baldeweg, T., Richardson, A., Watkins, S., Foale, C., and Gruzelier, J. (1999). 
Impaired auditory frequency discrimination in dyslexia detected with mismatch 
evoked potentials. Ann. Neurol. 45, 495–503. doi: 10.1002/1531-8249(199904)45:4\& 
lt;495::aid-ana11\&gt;3.0.co;2-m 

Barraclough, N., Xiao, D., Baker, C., Oram, M., and Perrett, D. (2005). Integration 
of visual and auditory information by superior temporal sulcus neurons responsive to 
the sight of actions. J. Cogn. Neurosci. 17, 377–391. doi: 10.1162/0898929053279586 

Bauer, A., Debener, S., and Nobre, A. (2020). Synchronisation of neural oscillations 
and cross-modal influences. Trends Cogn. Sci. 24, 481–495. doi: 10.1016/j.tics.2020.03. 
003 

Bengtsson, S., Nagy, Z., Skare, S., Forsman, L., Forssberg, H., and Ullén, F. (2005). 
Extensive piano practicing has regionally specific eects on white matter development. 
Nat. Neurosci. 8, 1148–1150. doi: 10.1038/nn1516 

Berti, S. (2013). The role of auditory transient and deviance processing in distraction 
of task performance: A combined behavioral and event-related brain potential study. 
Front. Hum. Neurosci. 7:352. doi: 10.3389/fnhum.2013.00352 

Bressler, S., and Seth, A. (2011). Wiener-Granger causality: A well established 
methodology. Neuroimage 58, 323–329. doi: 10.1016/j.neuroimage.2010.02.059 

Calvert, G., and Thesen, T. (2004). Multisensory integration: Methodological 
approaches and emerging principles in the human brain. J. Physiol. 98, 191–205. 
doi: 10.1016/j.jphysparis.2004.03.018 

Cappe, C., Rouiller, E. M., and Barone, P. (2012). “Cortical and thalamic pathways 
for multisensory and sensorimotor interplay,” in The neural bases of multisensory 
processes, eds M. M. Murray and M. T. Wallace (New York, NY: CRC Press, Taylor 
& Francis Group), 15–24. 

Cappe, C., Rouiller, E., and Barone, P. (2009). Multisensory anatomical pathways. 
Hear. Res. 258, 28–36. doi: 10.1016/j.heares.2009.04.017 

Chen, T., Michels, L., Supekar, K., Kochalka, J., Ryali, S., and Menon, V. (2014). 
Role of the anterior insular cortex in integrative causal signaling during multisensory 
auditory-visual attention. Eur. J. Neurosci. 41, 264–274. doi: 10.1111/ejn.12764 

Csépe, V., and Honbolygó, F. (2024). From psychophysiology to brain imaging: 
Forty-five years MMN history of investigating acoustic change sensitivity. Biol. Future 
75, 117–128. doi: 10.1007/s42977-024-00216-4 

D’Ausilio, A., Altenmüller, E., Olivetti Belardinelli, M., and Lotze, M. (2006). Cross-
modal plasticity of the motor cortex while listening to a rehearsed musical piece. Eur. 
J. Neurosci. 24, 955–958. doi: 10.1111/j.1460-9568.2006.04960.x 

Depannemaecker, D., Canton Santos, L., Rodrigues, A., Scorza, C., Scorza, F., 
and Almeida, A. (2020). Realistic spiking neural network: Non-synaptic mechanisms 
improve convergence in cell assembly. Neural Netw. 122, 420–433. doi: 10.1016/j. 
neunet.2019.09.038 

Driver, J., and Spence, C. (2000). Multisensory perception: Beyond modularity and 
convergence. Curr. Biol. 10, R731–R735. doi: 10.1016/s0960-9822(00)00740-5 

Durand, D. (2019). ‘Neural WiFi’: Physiology news. Cleveland, OH: Case Western 
Reserve University, 34–36. doi: 10.36866/pn.116.34 

Engel, A., Senkowski, D., and Schneider, T. (2012). “Multisensory integration 
through neural coherence,” in The neural bases of multisensory processes, eds 
M. Murray and M. Wallace (New York, NY: CRC Press/Taylor & Francis), 
115–126. 

Formaggio, E., Rubega, M., Rupil, J., Antonini, A., Masiero, S., Toolo, G. M., et al. 
(2021). Reduced eective connectivity in the motor cortex in Parkinson’s Disease. 
Brain Sci. 11:1200. doi: 10.3390/brainsci11091200 

Foxe, J., and Schroeder, C. (2005). The case for feedforward multisensory 
convergence during early cortical processing. Neuroreport 16, 419–423. doi: 10.1097/ 
00001756-200504040-00001 

Fries, P., Reynolds, J., Rorie, A., and Desimone, R. (2001). Modulation of oscillatory 
neuronal synchronization by selective visual attention. Science 291, 1560–1563. doi: 
10.1126/science.1055465 

Garrido, M., Kilner, J., Stephan, K., and Friston, K. (2009). The mismatch negativity: 
A review of underlying mechanisms. Clin. Neurophysiol. 120, 453–463. doi: 10.1016/j. 
clinph.2008.11.029 

Frontiers in Neuroscience 12 frontiersin.org 

https://doi.org/10.3389/fnins.2025.1641862
https://doi.org/10.1002/1531-8249(199904)45:4\&lt;495::aid-ana11\&gt;3.0.co;2-m
https://doi.org/10.1002/1531-8249(199904)45:4\&lt;495::aid-ana11\&gt;3.0.co;2-m
https://doi.org/10.1162/0898929053279586
https://doi.org/10.1016/j.tics.2020.03.003
https://doi.org/10.1016/j.tics.2020.03.003
https://doi.org/10.1038/nn1516
https://doi.org/10.3389/fnhum.2013.00352
https://doi.org/10.1016/j.neuroimage.2010.02.059
https://doi.org/10.1016/j.jphysparis.2004.03.018
https://doi.org/10.1016/j.heares.2009.04.017
https://doi.org/10.1111/ejn.12764
https://doi.org/10.1007/s42977-024-00216-4
https://doi.org/10.1111/j.1460-9568.2006.04960.x
https://doi.org/10.1016/j.neunet.2019.09.038
https://doi.org/10.1016/j.neunet.2019.09.038
https://doi.org/10.1016/s0960-9822(00)00740-5
https://doi.org/10.36866/pn.116.34
https://doi.org/10.3390/brainsci11091200
https://doi.org/10.1097/00001756-200504040-00001
https://doi.org/10.1097/00001756-200504040-00001
https://doi.org/10.1126/science.1055465
https://doi.org/10.1126/science.1055465
https://doi.org/10.1016/j.clinph.2008.11.029
https://doi.org/10.1016/j.clinph.2008.11.029
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-19-1641862 September 18, 2025 Time: 11:7 # 13

Porfyri et al. 10.3389/fnins.2025.1641862 

Ghazanfar, A., and Schroeder, C. (2006). Is neocortex essentially multisensory? 
Trends Cogn. Sci. 10, 278–285. doi: 10.1016/j.tics.2006.04.008 

Glasser, M., Coalson, T., Robinson, E., Hacker, C., Harwell, J., Yacoub, E., et al. 
(2016). A multi-modal parcellation of human cerebral cortex. Nature 536, 171–178. 
doi: 10.1038/nature18933 

Gu, C., and Bi, H. (2020). Auditory processing deficit in individuals with dyslexia: 
A meta-analysis of mismatch negativity. Neurosci. Biobehav. Rev. 116, 396–405. doi: 
10.1016/j.neubiorev.2020.06.032 

Hahn, N., Foxe, J., and Molholm, S. (2014). Impairments of multisensory integration 
and cross-sensory learning as pathways to dyslexia. Neurosci. Biobehav. Rev. 47, 
384–392. doi: 10.1016/j.neubiorev.2014.09.007 

Haslinger, B., Erhard, P., Altenmüller, E., Schroeder, U., Boecker, H., and Ceballos-
Baumann, A. (2005). Transmodal sensorimotor networks during action observation 
in professional pianists. J. Cogn. Neurosci. 17, 282–293. doi: 10.1162/089892905312 
4893 

Hikosaka, K., Iwai, E., Saito, H., and Tanaka, K. (1988). ‘Polysensory properties of 
neurons in the anterior bank of the caudal superior temporal sulcus of the macaque 
monkey’. J. Neurophysiol. 60, 1615–1637. doi: 10.1152/jn.1988.60.5.1615 

Hoefer, M., Tyll, S., Kanowski, M., Brosch, M., Schoenfeld, M. A., Heinze, H. J., 
et al. (2013). Tactile stimulation and hemispheric asymmetries modulate auditory 
perception and neural responses in primary auditory cortex. Neuroimage 79, 371–382. 
doi: 10.1016/j.neuroimage.2013.04.119 

Imfeld, A., Oechslin, M., Meyer, M., Loenneker, T., and Jancke, L. (2009). White 
matter plasticity in the corticospinal tract of musicians: A diusion tensor imaging 
study. Neuroimage 46, 600–607. doi: 10.1016/j.neuroimage.2009.02.025 

Jacobs, S., Izzetoglu, M., and Holtzer, R. (2024). The impact of music making 
on neural eÿciency & dual-task walking performance in healthy older adults. 
Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 31, 438–456. doi: 10.1080/ 
13825585.2023.2195615 

James, C., Zuber, S., Dupuis-Lozeron, E., Abdili, L., Gervaise, D., and Kliegel, M. 
(2020). Formal string instrument training in a class setting enhances cognitive and 
sensorimotor development of primary school children. Front. Neurosci. 14:567. doi: 
10.3389/fnins.2020.00567 

Jäncke, L. (2009). Music drives brain plasticity. F1000 Biol. Rep. 1:78. doi: 10.3410/ 
B1-78 

Jaschke, A., Honing, H., and Scherder, E. (2018). Longitudinal analysis of music 
education on executive functions in primary school children. Front. Neurosci. 12:103. 
doi: 10.3389/fnins.2018.00103 

Junker, F., Schlake, L., Axmacher, N., and Schmidt-Wilcke, T. (2021). Impact of 
multisensory learning on perceptual and lexical processing of unisensory Morse code. 
Brain Res. 1755:147259. doi: 10.1016/j.brainres.2020.147259 

Kayser, C., Petkov, C., and Logothetis, N. (2008). Visual modulation of neurons in 
auditory cortex. Cereb. Cortex 18, 1560–1574. doi: 10.1093/cercor/bhm187 

Kayser, C., Petkov, C., and Logothetis, N. (2009). Multisensory interactions in 
primate auditory cortex: fMRI and electrophysiology. Hear. Res. 258, 80–88. doi: 
10.1016/j.heares.2009.02.011 

Kayser, C., Petkov, C., Augath, M., and Logothetis, N. (2007). Functional imaging 
reveals visual modulation of specific fields in auditory cortex. J. Neurosci. 27, 1824– 
1835. doi: 10.1523/JNEUROSCI.4737-06.2007 

Koshiyama, D., Kirihara, K., Tada, M., Nagai, T., Fujioka, M., Usui, K., et al. 
(2020). Reduced auditory mismatch negativity reflects impaired deviance detection in 
schizophrenia. Schizophr. Bull. 46, 937–946. doi: 10.1093/schbul/sbaa006 

Lahav, A., Saltzman, E., and Schlaug, G. (2007). Action representation of 
sound: Audiomotor recognition network while listening to newly acquired actions. 
J. Neurosci. 27, 308–314. doi: 10.1523/JNEUROSCI.4822-06.2007 

Lakatos, P., O’Connell, M., Barczak, A., Mills, A., Javitt, D., and Schroeder, C. (2009). 
The leading sense: Supramodal control of neurophysiological context by attention. 
Neuron 64, 419–430. doi: 10.1016/j.neuron.2009.10.014 

Lappe, C., Herholz, S., Trainor, L., and Pantev, C. (2008). Cortical plasticity induced 
by short-term unimodal and multimodal musical training. J. Neurosci. 28, 9632–9639. 
doi: 10.1523/JNEUROSCI.2254-08.2008 

Lappe, C., Trainor, L., Herholz, S., and Pantev, C. (2011). Cortical plasticity induced 
by short-term multimodal musical rhythm training. PLoS One 6:e21493. doi: 10.1371/ 
journal.pone.0021493 

Lassen, J., Oranje, B., Vestergaard, M., Foldager, M., Kjaer, T., Arnfred, S., 
et al. (2022). Reduced mismatch negativity in children and adolescents with autism 
spectrum disorder is associated with their impaired adaptive functioning. Autism Res. 
15, 1469–1481. doi: 10.1002/aur.2738 

Lee, H., and Noppeney, U. (2011). Long-term music training tunes how the brain 
temporally binds signals from multiple senses. Proc. Natl. Acad. Sci. U.S.A. 108, 
E1441–E1450. doi: 10.1073/pnas.1115267108 

Levitin, D., and Menon, V. (2003). Musical structure is processed in “language” areas 
of the brain: A possible role for Brodmann Area 47 in temporal coherence. Neuroimage 
20, 2142–2152. doi: 10.1016/j.neuroimage.2003.08.016 

Li, Y., Seger, C., Chen, Q., and Mo, L. (2020). Left inferior frontal gyrus integrates 
multisensory information in category learning. Cereb. Cortex 30, 4410–4423. doi: 
10.1093/cercor/bhaa029 

Linnavalli, T., Putkinen, V., Lipsanen, J., Huotilainen, M., and Tervaniemi, M. 
(2018). Music playschool enhances children’s linguistic skills. Sci. Rep. 8:8767. doi: 
10.1038/s41598-018-27126-5 

Lippolis, M., Müllensiefen, D., Frieler, K., Matarrelli, B., Vuust, P., Cassibba, R., 
et al. (2022). Learning to play a musical instrument in the middle school is associated 
with superior audiovisual working memory and fluid intelligence: A cross-sectional 
behavioral study. Front. Psychol. 13:982704. doi: 10.3389/fpsyg.2022.982704 

Luo, C., Guo, Z., Lai, Y., Liao, W., Liu, Q., Kendrick, K., et al. (2012). 
Musical training induces functional plasticity in perceptual and motor networks: 
Insights from resting-state FMRI. PLoS One 7:e36568. doi: 10.1371/journal.pone.003 
6568 

Marks, W. N., Parker, M. E., and Howland, J. G. (2018). “Chapter 7–variants 
of the spontaneous recognition procedure assessing multisensory integration reveal 
behavioral alterations in rodent models of psychiatric and neurological disorders,” in 
Handbook of object novelty recognition, eds A. Ennaceur and M. A. de Souza Silva 
(Amsterdam: Elsevier), 125–137. doi: 10.1016/B978-0-12-812012-5.00007-0 

Meredith, M. A., Allman, B. L., Keniston, L. P., and Clemo, H. R. (2012). “Are 
bimodal neurons the same throughout the brain?” in The neural bases of multisensory 
processes, eds M. M. Murray and M. T. Wallace (New Work, NY: CRC Press/Taylor & 
Francis), 54–61. 

Merrikhi, Y., Kok, M., Lomber, S., and Meredith, M. A. (2022). A comparison of 
multisensory features of two auditory cortical areas: Primary (A1) and higher-order 
dorsal zone (DZ). Cereb. Cortex Commun. 4:tgac049. doi: 10.1093/texcom/tgac049 

Musacchia, G., Sams, M., Skoe, E., and Kraus, N. (2007). Musicians have enhanced 
subcortical auditory and audiovisual processing of speech and music. Proc. Natl. Acad. 
Sci. U.S.A. 104, 15894–15898. doi: 10.1073/pnas.0701498104 

Noppeney, U. (2021). Perceptual inference, learning, and attention in a multisensory 
world. Annu. Rev. Neurosci. 44, 449–473. doi: 10.1146/annurev-neuro-100120-085519 

Nowak, L., and Bullier, J. (1997). The timing of information transfer in the visual 
system. Cereb. Cortex 47, 205–241. doi: 10.1007/978-1-4757-9625-4_5 

Oechslin, M., Imfeld, A., Loenneker, T., Meyer, M., and Jäncke, L. (2010). The 
plasticity of the superior longitudinal fasciculus as a function of musical expertise: A 
diusion tensor imaging study. Front. Hum. Neurosci. 3:76. doi: 10.3389/neuro.09.076. 
2009 

Okray, Z., Jacob, P. F., Stern, C., Desmond, K., Otto, N., Talbot, C. B., et al. (2023). 
Multisensory learning binds neurons into a cross-modal memory engram. Nature 617, 
777–784. doi: 10.1038/s41586-023-06013-8 

Oldfield, R. (1971). The assessment and analysis of handedness: The Edinburgh 
inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)90067-4 

O’Reilly, J. A., and O’Reilly, A. (2021). A critical review of the deviance detection 
theory of mismatch negativity. NeuroSci 2, 151–165. doi: 10.3390/neurosci2020011 

Paraskevopoulos, E., Anagnostopoulou, A., Chalas, N., Karagianni, M., and Bamidis, 
P. (2024). Unravelling the multisensory learning advantage: Dierent patterns 
of within and across frequency-specific interactions drive uni- and multisensory 
neuroplasticity. Neuroimage 291:120582. doi: 10.1016/j.neuroimage.2024.120582 

Paraskevopoulos, E., and Herholz, S. (2013). ‘Multisensory integration and 
neuroplasticity in the human cerebral cortex’. Transl. Neurosci. 4, 337–348. doi: 10. 
2478/s13380-013-0134-1 

Paraskevopoulos, E., Chalas, N., Anagnostopoulou, A., and Bamidis, P. (2022). 
Interaction within and between cortical networks subserving multisensory learning 
and its reorganization due to musical expertise. Sci. Rep. 12:7891. doi: 10.1038/s41598-
022-12158-9 

Paraskevopoulos, E., Chalas, N., Karagiorgis, A., Karagianni, M., Styliadis, C., 
Papadelis, G., et al. (2021). Aging eects on the neuroplastic attributes of multisensory 
cortical networks as triggered by a computerized music reading training intervention. 
Cereb. Cortex 31, 123–137. doi: 10.1093/cercor/bhaa213 

Paraskevopoulos, E., Kraneburg, A., Herholz, S., Bamidis, P., and Pantev, C. (2015). 
Musical expertise is related to altered functional connectivity during audiovisual 
integration. Proc. Natl. Acad. Sci. U.S.A. 112, 12522–12527. doi: 10.1073/pnas. 
1510662112 

Paraskevopoulos, E., Kuchenbuch, A., Herholz, S., and Pantev, C. (2012). Musical 
expertise induces audiovisual integration of abstract congruency rules. J. Neurosci. 32, 
18196–18203. doi: 10.1523/JNEUROSCI.1947-12.2012 

Paraskevopoulos, E., Kuchenbuch, A., Herholz, S., and Pantev, C. (2014). 
Multisensory integration during short-term music reading training enhances both 
uni- and multisensory cortical processing. J. Cogn. Neurosci. 26, 2224–2238. doi: 
10.1162/jocn_a_00620 

Parise, C., and Spence, C. (2012). Audiovisual crossmodal correspondences and 
sound symbolism: A study using the implicit association test. Exp. Brain Res. 220, 
319–333. doi: 10.1007/s00221-012-3140-6 

Pekkola, J., Ojanen, V., Autti, T., Jääskeläinen, I., Möttönen, R., Tarkiainen, 
A., et al. (2005). Primary auditory cortex activation by visual speech: An 

Frontiers in Neuroscience 13 frontiersin.org 

https://doi.org/10.3389/fnins.2025.1641862
https://doi.org/10.1016/j.tics.2006.04.008
https://doi.org/10.1038/nature18933
https://doi.org/10.1016/j.neubiorev.2020.06.032
https://doi.org/10.1016/j.neubiorev.2020.06.032
https://doi.org/10.1016/j.neubiorev.2014.09.007
https://doi.org/10.1162/0898929053124893
https://doi.org/10.1162/0898929053124893
https://doi.org/10.1152/jn.1988.60.5.1615
https://doi.org/10.1016/j.neuroimage.2013.04.119
https://doi.org/10.1016/j.neuroimage.2009.02.025
https://doi.org/10.1080/13825585.2023.2195615
https://doi.org/10.1080/13825585.2023.2195615
https://doi.org/10.3389/fnins.2020.00567
https://doi.org/10.3389/fnins.2020.00567
https://doi.org/10.3410/B1-78
https://doi.org/10.3410/B1-78
https://doi.org/10.3389/fnins.2018.00103
https://doi.org/10.1016/j.brainres.2020.147259
https://doi.org/10.1093/cercor/bhm187
https://doi.org/10.1016/j.heares.2009.02.011
https://doi.org/10.1016/j.heares.2009.02.011
https://doi.org/10.1523/JNEUROSCI.4737-06.2007
https://doi.org/10.1093/schbul/sbaa006
https://doi.org/10.1523/JNEUROSCI.4822-06.2007
https://doi.org/10.1016/j.neuron.2009.10.014
https://doi.org/10.1523/JNEUROSCI.2254-08.2008
https://doi.org/10.1371/journal.pone.0021493
https://doi.org/10.1371/journal.pone.0021493
https://doi.org/10.1002/aur.2738
https://doi.org/10.1073/pnas.1115267108
https://doi.org/10.1016/j.neuroimage.2003.08.016
https://doi.org/10.1093/cercor/bhaa029
https://doi.org/10.1093/cercor/bhaa029
https://doi.org/10.1038/s41598-018-27126-5
https://doi.org/10.1038/s41598-018-27126-5
https://doi.org/10.3389/fpsyg.2022.982704
https://doi.org/10.1371/journal.pone.0036568
https://doi.org/10.1371/journal.pone.0036568
https://doi.org/10.1016/B978-0-12-812012-5.00007-0
https://doi.org/10.1093/texcom/tgac049
https://doi.org/10.1073/pnas.0701498104
https://doi.org/10.1146/annurev-neuro-100120-085519
https://doi.org/10.1007/978-1-4757-9625-4_5
https://doi.org/10.3389/neuro.09.076.2009
https://doi.org/10.3389/neuro.09.076.2009
https://doi.org/10.1038/s41586-023-06013-8
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.3390/neurosci2020011
https://doi.org/10.1016/j.neuroimage.2024.120582
https://doi.org/10.2478/s13380-013-0134-1
https://doi.org/10.2478/s13380-013-0134-1
https://doi.org/10.1038/s41598-022-12158-9
https://doi.org/10.1038/s41598-022-12158-9
https://doi.org/10.1093/cercor/bhaa213
https://doi.org/10.1073/pnas.1510662112
https://doi.org/10.1073/pnas.1510662112
https://doi.org/10.1523/JNEUROSCI.1947-12.2012
https://doi.org/10.1162/jocn_a_00620
https://doi.org/10.1162/jocn_a_00620
https://doi.org/10.1007/s00221-012-3140-6
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-19-1641862 September 18, 2025 Time: 11:7 # 14

Porfyri et al. 10.3389/fnins.2025.1641862 

fMRI study at 3 T. Neuroreport 16, 125–128. doi: 10.1097/00001756-200502080-
00010 

Proulx, M., Brown, D., Pasqualotto, A., and Meijer, P. (2012). Multisensory 
perceptual learning and sensory substitution. Neurosci. Biobehav. Rev. 41, 16–25. 
doi: 10.1016/j.neubiorev.2012.11.017 

Rao, A. (2018). An oscillatory neural network model that demonstrates the benefits 
of multisensory learning. Cogn. Neurodyn. 12, 481–499. doi: 10.1007/s11571-018-
9489-x 

Renier, L., Anurova, I., De Volder, A., Carlson, S., VanMeter, J., and Rauschecker, 
J. (2009). Multisensory integration of sounds and vibrotactile stimuli in processing 
streams for “what” and “where”. J. Neurosci. 29, 10950–10960. doi: 10.1523/ 
JNEUROSCI.0910-09.2009 

Rolls, E., Deco, G., Huang, C., and Feng, J. (2023). Multiple cortical visual streams 
in humans. Cereb. Cortex 33, 3319–3349. doi: 10.1093/cercor/bhac276 

Scheliga, S., Kellermann, T., Lampert, A., Rolke, R., Spehr, M., and Habel, U. 
(2022). Neural correlates of multisensory integration in the human brain: An ALE 
meta-analysis. Rev. Neurosci. 34, 223–245. doi: 10.1515/revneuro-2022-0065 

Schroeder, C., Lindsley, R., Specht, C., Marcovici, A., Smiley, J., and Javitt, D. 
(2001). Somatosensory input to auditory association cortex in the macaque monkey. 
J. Neurophysiol. 85, 1322–1327. doi: 10.1152/jn.2001.85.3.1322 

Schulz, M., Ross, B., and Pantev, C. (2003). Evidence for training-
induced crossmodal reorganization of cortical functions in trumpet 
players. Neuroreport 14, 157–161. doi: 10.1097/00001756-200301200-
00029 

Skirzewski, M., Molotchniko, S., Hernandez, L., and Maya-Vetencourt, J. (2022). 
Multisensory integration: Is medial prefrontal cortex signaling relevant for the 
treatment of higher-order visual dysfunctions? Front. Mol. Neurosci. 14:806376. doi: 
10.3389/fnmol.2021.806376 

Spence, C. (2011). Crossmodal correspondences: A tutorial review. Atten. Percept. 
Psychophys. 73, 971–995. doi: 10.3758/s13414-010-0073-7 

Stein, B., Stanford, T., and Rowland, B. (2019). Multisensory integration and 
the society for neuroscience: Then and now. J. Neurosci. 40, 3–11. doi: 10.1523/ 
JNEUROSCI.0737-19.2019 

Stewart, L., Henson, R., Kampe, K., Walsh, V., Turner, R., and Frith, U. (2003). 
Brain changes after learning to read and play music. Neuroimage 20, 71–83. doi: 
10.1016/s1053-8119(03)00248-9 

Swaminathan, S., and Schellenberg, E. (2020). Musical ability, music training, and 
language ability in childhood. J. Exp. Psychol. Learn. Mem. Cogn. 46, 2340–2348. 
doi: 10.1037/xlm0000798 

Tortora, C., Di Crosta, A., La Malva, P., Prete, G., Ceccato, I., Mammarella, N., et al. 
(2024). Virtual reality and cognitive rehabilitation for older adults with mild cognitive 
impairment: A systematic review. Ageing Res. Rev. 93:102146. doi: 10.1016/j.arr.2023. 
102146 

Toumaian, M., Covanis, P., Mantas, A., Karantinos, T., Kayas, S., Kentikeleni, A., 
et al. (2024). Multisensory integration deficits in Schizophrenia and Autism evidenced 
in behaviour but not event related potentials. Psychiatry Res. 332:115727. doi: 10.1016/ 
j.psychres.2024.115727 

Umbricht, D., Koller, R., Schmid, L., Skrabo, A., Grübel, C., Huber, T., et al. (2003). 
How specific are deficits in mismatch negativity generation to schizophrenia? Biol. 
Psychiatry 53, 1120–1131. doi: 10.1016/s0006-3223(02)01642-6 

Uusitalo, M., and Ilmoniemi, R. (1997). Signal-space projection method for 
separating MEG or EEG into components. Med. Biol. Eng. Comput. 35, 135–140. 
doi: 10.1007/BF02534144 

van der Stoep, N., Postma, A., and Nijboer, T. C. W. (2017). “Chapter 4 – 
multisensory perception and the coding of space,” in Neuropsychology of space, eds 
A. Postma and I. J. M. van der Ham (San Diego, CA: Academic Press), 123–158. 
doi: 10.1016/B978-0-12-801638-1.00004-5 

Vosskuhl, J., Mutanen, T., Neuling, T., Ilmoniemi, R., and Herrmann, C. (2020). 
Signal-space projection suppresses the tACS artifact in EEG recordings. Front. Hum. 
Neurosci. 14:536070. doi: 10.3389/fnhum.2020.536070 

Wallace, M., Woynaroski, T., and Stevenson, R. (2020). Multisensory integration 
as a window into orderly and disrupted cognition and communication. Annu. Rev. 
Psychol. 71, 193–219. doi: 10.1146/annurev-psych-010419-051112 

Wang, L., Zeng, W., Zhao, L., and Shi, Y. (2024). Exploring brain eective 
connectivity of early MCI with GRU_GC model on resting-state fMRI. Appl. 
Neuropsychol. Adult. 1–12. doi: 10.1080/23279095.2024.2330100 [Epub ahead of 
print]. 

Wang, X., Xu, H., Yuan, Z., Luo, H., Wang, M., Li, H., et al. (2021). Brain 
hemispheres swap dominance for processing semantically meaningful pitch. Front. 
Hum. Neurosci. 15:621677. doi: 10.3389/fnhum.2021.621677 

Williams, J. N. (2020). The neuroscience of implicit learning. Lang. Learn. 70, 
255–307. doi: 10.1111/lang.12405 

Zhe, X., Chen, L., Zhang, D., Tang, M., Gao, J., Ai, K., et al. (2021). Cortical areas 
associated with multisensory integration showing altered morphology and functional 
connectivity in relation to reduced life quality in vestibular migraine. Front. Hum. 
Neurosci. 15:717130. doi: 10.3389/fnhum.2021.717130 

Zvyagintsev, M., Parisi, C., and Mathiak, K. (2017). Temporal processing deficit 
leads to impaired multisensory binding in schizophrenia. Cogn. Neuropsychiatry 22, 
361–372. doi: 10.1080/13546805.2017.1331160 

Frontiers in Neuroscience 14 frontiersin.org 

https://doi.org/10.3389/fnins.2025.1641862
https://doi.org/10.1097/00001756-200502080-00010
https://doi.org/10.1097/00001756-200502080-00010
https://doi.org/10.1016/j.neubiorev.2012.11.017
https://doi.org/10.1007/s11571-018-9489-x
https://doi.org/10.1007/s11571-018-9489-x
https://doi.org/10.1523/JNEUROSCI.0910-09.2009
https://doi.org/10.1523/JNEUROSCI.0910-09.2009
https://doi.org/10.1093/cercor/bhac276
https://doi.org/10.1515/revneuro-2022-0065
https://doi.org/10.1152/jn.2001.85.3.1322
https://doi.org/10.1097/00001756-200301200-00029
https://doi.org/10.1097/00001756-200301200-00029
https://doi.org/10.3389/fnmol.2021.806376
https://doi.org/10.3389/fnmol.2021.806376
https://doi.org/10.3758/s13414-010-0073-7
https://doi.org/10.1523/JNEUROSCI.0737-19.2019
https://doi.org/10.1523/JNEUROSCI.0737-19.2019
https://doi.org/10.1016/s1053-8119(03)00248-9
https://doi.org/10.1016/s1053-8119(03)00248-9
https://doi.org/10.1037/xlm0000798
https://doi.org/10.1016/j.arr.2023.102146
https://doi.org/10.1016/j.arr.2023.102146
https://doi.org/10.1016/j.psychres.2024.115727
https://doi.org/10.1016/j.psychres.2024.115727
https://doi.org/10.1016/s0006-3223(02)01642-6
https://doi.org/10.1007/BF02534144
https://doi.org/10.1016/B978-0-12-801638-1.00004-5
https://doi.org/10.3389/fnhum.2020.536070
https://doi.org/10.1146/annurev-psych-010419-051112
https://doi.org/10.1080/23279095.2024.2330100
https://doi.org/10.3389/fnhum.2021.621677
https://doi.org/10.1111/lang.12405
https://doi.org/10.3389/fnhum.2021.717130
https://doi.org/10.1080/13546805.2017.1331160
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/

	Multisensory vs. unisensory learning: how they shape effective connectivity networks subserving unimodal and multimodal integration
	Introduction
	Materials and methods
	Subjects
	Experimental procedures
	Stimuli
	Apparatus
	Design
	Multisensory training
	Unisensory training

	EEG data analysis
	EEG preprocessing
	EEG source analysis
	Effective connectivity analysis
	Statistical analysis


	Results
	Behavioral results
	EEG results
	Audiovisual incongruency identification prior to any training
	Visual deviancy identification prior to any training
	Auditory deviancy identification prior to any training
	Audiovisual incongruency identification before versus after multisensory training
	Audiovisual incongruency identification before versus after unisensory training
	Audiovisual incongruency identification, difference of the trainings' effects
	Visual deviancy identification before versus after multisensory training
	Visual deviancy identification before versus after unisensory training
	Visual deviancy identification, difference of the trainings' effects
	Auditory deviancy identification before versus after multisensory training
	Auditory deviancy identification before versus after unisensory training
	Auditory deviancy identification, difference of the trainings' effects


	Discussion
	Limitations
	Future prospects

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	References




