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Abstract: Much evidence shows that music training influences the development of functional brain
organization and cerebral asymmetry in an auditory-motor integrative neural system also associated
with language and speech. Such overlap suggests that music training could be used for interventions
in disadvantaged populations. Accordingly, we investigated neurofunctional changes associated
with the influence of socially based classical ensemble music (CEM) training on executive auditory
functions of children from low socioeconomic status (LSES), as compared to untrained counterparts.
We conducted a novel ROI-focused reanalysis of stimulus-locked event-related electroencephalo-
graphic (EEG) band power data previously recorded from fifteen LSES children (9-10 years), with and
without CEM, while performing a series of auditory Go/No-Go trials (involving 1100 Hz or 2000 Hz
tones). An analysis of collapsed Alpha2, Betal, Beta2, Delta, and Theta EEG bands showed significant
differences in increased and decreased left asymmetry between the CEM and the Comparison group
in key frontal and central electrodes typically associated with learning music. Overall, in Go trials,
the CEM group responded more quickly and accurately. Linear regression analyses revealed both
positive and negative correlations between left hemispheric asymmetry and behavioral measures
of PPVT score, auditory sensitivity, Go accuracy, and reaction times. The pattern of results suggests
that tone frequency and EEG asymmetries may be attributable to a shift to left lateralization as a
byproduct of CEM. Our findings suggest that left hemispheric laterality associated with ensemble
music training may improve the efficiency of productive language processing and, accordingly, may
be considered as a supportive intervention for LSES children and youth.

Keywords: EEG power; auditory Go/No-Go; socioeconomic status; lateralization; music training

1. Introduction

Playing instrumental music is associated with activity in numerous bilateral brain
regions of an anatomically well-characterized auditory-motor integration network [1-3].
Much evidence shows that music training can play a role in the development of the
functional organization of this network in individuals who experience such learning.
Notably, musicians often show volumetric enlargement of specific and relevant cerebral
structures [1,4-6]. A pivotal early study [6] reported that the corpus callosum—the dense
bundle of white matter connecting the right and left hemispheres—tended to be larger
in musicians as compared to non-musicians. It was inferred that such a difference was

Symmetry 2022, 14, 538. https:/ /doi.org/10.3390/sym14030538

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym14030538
https://doi.org/10.3390/sym14030538
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-8273-1605
https://orcid.org/0000-0002-9975-7331
https://orcid.org/0000-0002-8295-9850
https://doi.org/10.3390/sym14030538
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym14030538?type=check_update&version=1

Symmetry 2022, 14, 538

20f18

a consequence of intensive and repeated sensorimotor information transfer between the
brain’s left and right motor regions, since learning to play a musical instrument necessitates
the coordination of activity across right and left side in both hands. However, the difference
was only significant if musical training begun prior to 7 years of age.

Since then, much evidence has accumulated confirming that structural and func-
tional hemispheric asymmetry can be brought about by music training [7], but the puz-
zle is more complex than earlier findings suggested, since task-dependency, type of in-
strument played, and environmental factors, including social communication, can all be
linked to brain asymmetry [5,7,8]. Several studies have implicated specific brain regions
that show left lateralization attributed to certain types of music experience. Ellis and
colleagues [9] found greater left supramarginal gyrus (SMG) activation, relative to right,
in musicians. They further found a correlation between left SMG activation and hours of
practice. Herdener et al. [10] also reported similar results, finding that drummers showed
higher left SMG activity during a rhythm task while non-musicians did not. That study
additionally highlighted that music training-mediated activation differences in SMG may
play a role in linguistic processing, implying similarities between language and musical syn-
tax. Beyond SMG, other studies investigating left-lateralized musical differences between
musicians and non-musicians have found greater activation of the supplemental motor
regions, the left prefrontal regions, and broadly the left hemisphere (in the case of general
musical ability) [11,12]. In this context, the findings on the planum temporale, a triangular
cortical surface region located caudally relative to the primary auditory cortex of Heschl,
stand out. This region supports the integration of the types of auditory stimuli largely
processed in Heschl’s gyri. The left planum is typically larger in surface than the right, at
least in right-handers [13]. However, this asymmetry is altered by musical training and
practice in that musicians show larger left asymmetries compared to non-musicians [6,14],
and as demonstrated by the evidence on brain morphology, it is clearly associated with
critical developmental periods [15].

Converging evidence also suggests that the observed volumetric enlargements might
have implications on cognitive functions [16,17]. Engaging in music lessons and acquiring
musical abilities have also been associated with improvements in verbal memory, pitch
perception, speech detection, perception, and prosody detection as early as preschool
age [18-20]. The connection between music and these neurocognitive abilities is important
for the optimal development of children living in socioeconomic disadvantage.

Children from low socioeconomic status (LSES) show relatively more challenges in
the acquisition of mainstream languages compared to children from higher socioeconomic
status (HSES), possibly relating to different working memory developmental trajectory,
moderated by environment and social factors [21]. Aspects presumedly related to a differen-
tial growth rate of efficient maturation in information processing have also been supported
by the most comprehensive research synthesis [22] showing that LSES children and adults are
relatively less lateralized than their HSES counterparts. Given the neurofunctional overlaps
between music and language, it seems plausible that interventions that aim to enhance
musical ability may also strengthen efficiency in language and working memory skills by
targeting sound perception.

There is a unique neurofunctional similarity between the literatures of music cogni-
tion/perception and SES in that both have been implicated in hemispheric laterality or
asymmetry [10,23,24]. Raizada et al. [24] found specifically that the extent of speech-related
lateralization in the left inferior frontal gyrus (IFG) is positively correlated with SES. In
addition, research has implicated a positive correlation between language development and
SES, making the latter a suitable variable of interest when investigating the effect of music
training on aspects of language and sound perception [25,26]. Language development or
experience is also correlated with lateralized activity due to bilingual exposure [27], inviting
the suggestion that left-lateralization patterns may be enhanced because of higher SES
and/or linguistic experience and processing or, even yet, music training. Thus far, however,
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these separate streams of literature pertinent to the development of brain asymmetry have
not been fully integrated.

A clear link between music and SES-related laterality is that the planum temporale
has been implicated not only to play a crucial role for music training but also for phono-
logical skills, given that both left planar asymmetry and phonological skills increase with
SES. That is, the higher the family social status, the larger the left planum temporale
asymmetry and, at the same time, the better the phonological skills [22]. The frequent
occurrence of musical overlap with other processes of language, phonology, and syntax pro-
vides strong justification for using musical training, particularly when working with LSES
groups, since their differential efficiency in these processes clearly implies relatively less
left-lateralization [10,22]. Accordingly, the aim of our investigation was to clarify whether
a particular socially based music training could influence evaluation and responses to
sounds, by focusing on the putative asymmetrical nature of the underlying information
processing and the corresponding interhemispheric dynamics.

Here, we present an exploratory analysis comparing the EEG band frequency activity
recorded from ensemble-music trained and untrained children during an auditory Go/No-
Go task—which has been widely used to assess aspects of auditory executive functions
(including decision making, working memory, attention, and behavioral inhibition) [28-30].
We explored the possibility that different patterns of EEG asymmetry (i.e., lateralization)
would be observed by comparing children with classical ensemble music training (CEM)
and their untrained counterparts in relation to fronto-centro-temporal sites that are also
associated with language and speech perception. As the basis for experimental interven-
tion, we selected a community-based social classical music training program, “Orkidstra”
(https:/ /orkidstra.ca/, accessed on 20 December 2021) designed specifically for inner city
LSES children and adapted from the E! Sisterna method, which has shown effects on aca-
demic achievement and cognitive development (see review in [31]).

We hypothesized that different patterns of EEG asymmetry would be observed by
comparing children with this classical ensemble music (CEM) training and their untrained
counterparts in relation to specific electrode-sites of interests. If asymmetry patterns reflect
differences in sound perception (i.e., global or local), pitch memory, and inhibitory ability,
and language possessing efficiency, the CEM group should show more pronounced relative
left EEG activity asymmetries in frontal and central electrodes in No-Go and Go trials during
periods of stimulus evaluation and of response planning and execution, as differentiated
by the well-established P300 event-related potential (ERP) signature. In contrast, the
Comparison group should instead show bilateral or right-lateralized patterns, reflecting
the commonly pattern found in the literature [22] of less left-lateralized processing and,
thus, a differing efficiency in the corresponding auditory-spatial processes. Therefore, our
general guiding hypothesis was that a left-lateralized patterning in LSES children, which is
normally associated with higher SES, may be the result of neurological processing changes
that are a byproduct of social music training.

2. Materials and Methods

To test our hypotheses, we performed a reanalysis of continuous EEG collected in a
previous ERP study [32]; the present results had not been previously reported /published.

Our investigation focused on key cortical nodes in the music auditory—motor in-
tegrative network that would correlate with the asymmetrical nature of music training
influenced perception. Musical sounds are processed in the auditory cortex, represented as
a specific code with its own syntactic features, then transferred to other cortical areas that
use this code to perform and anticipate harmonic and melodic changes, as well as feelings,
memory, and music reading. The most important cortical areas involved (with approximate
electroencephalographical (EEG) electrode mapping) are represented in Figure 1. These
EEG electrodes and associated cortical regions of interest (ROI) were targeted in our analy-
sis with a focus on symmetrical electrode pairings, utilized to identify the hypothesized
laterality effect.
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Figure 1. Electrodes labelled include FC1, FC2, C3, C4, CP5, CP6, F3, F4, T7, and T8. Blue regions
highlight pre-SMA regions on the left and right, respectively, associated with FC1/FC2 electrodes.
Red regions highlight Inferior Frontal Gyri (left and right respectively) and the proposed association
with FC1/FC2. Left hemisphere is on left side, and the anterior end of brain is in the up direction.
Note: Greyed electrodes were associated with nonsignificant results in the analyses.

2.1. Sampling and DATA Selection

Participants included in the original database were recruited from inner city children
in Ottawa’s downtown area, and they were involved in a community-based social exper-
imental intervention program targeting children from low SES families (i.e., Orkidstra,
https://Orkidstra.ca/, accessed on 20 December 2021). To participate in the program,
families need to meet the Statistic’s Canada low income cutoffs (LICOs) [33]. LICOs are
income thresholds below which families devote a larger share of income to the necessities
of food, shelter, and clothing than the average family would. The approach essentially
involves estimating an income threshold at which families are expected to spend 20 per-
centage points more than the average family on food, shelter, and clothing. These cutoffs
are not a fixed poverty line but their estimation rather varies by weighting 7 categories
of family sizes and 5 categories of different populations of the area of residence across
Canada. To quantify a relatively more precise SES level corresponding to each child’s
family, we administered the Adapted Hollingshead Socioeconomic Status Inventory [34] to
parents; this inventory is a score derived by an algorithm that creates a weighted average
rank on the basis of reported income range, occupation, parental level of education, and
neighborhood quality. The ranks are then referenced in relation to the quantile categories
of the entire SES distribution (categories I to V). All participating families fell on the lowest
bottom quintile, that is, category V.

The program is designed for children between 5 and 18 to create a sense of community
for families and to promote the importance of music by creating the opportunity to learn
a musical instrument and perform in an orchestra. Children aged 9 to 12 were recruited
from Orkidstra’s instrumental streams (henceforth called CEM group), and a Comparison
group was also recruited from the same residential areas. The database included 30 families
that were initially recruited and 21 children (and parents) who attended the scheduled
appointments for the screening session and completed the experimental sessions. The
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parent/guardian of children in the study signed informed consent forms and children
provided verbal assent.

All children underwent developmental screening, including the following test batter-
ies: Depression Anxiety Stress Scale [35]; Edinburgh Handedness Inventory [36]; Music
Experience Questionnaire (MEQ) [37]; Peabody Picture Vocabulary Test-IV [38]; Perceived
Stress Scale [39]; Ruminative Responses Scale [40]; and, finally, the Strengths and Diffi-
culties Questionnaire [41]. Following match sampling, the final sample obtained from
the screened and tested pool comprised 16 children (i.e., CEM trainees of approximately
same age (n = 8; 4 females; mean age = 10.2 (SD = 1.3) vs. the Comparison group (n = 8;
4 females; mean age = 9.8 (SD = 0.7)). The results of the battery and other demographic
data are presented in Table 1. The threshold for significance was set at p < 0.05, and an FDR
Benjamini—Yekutieli Procedure was performed on the resulting p values [42,43].

Table 1. Demographic data for Classical Ensemble Music (CEM) group and Comparison Group. Z
corresponds to Mann-Whitney U and Chi square comparison statistics, CEM (n = 7) vs. Comparison
(n=28).

Group ?
Measure CEM Comparison z FDR-p *
Child Age 11.201 £ 0.311 (11.36)  9.759 £ 0.657 (5.06) 2.724 0.234
Gu;ilrizr:gge 43.83 £+ 1.014 (7.17) 43.00 £ 1.746 (6.86) 0.144 1.000
SES 39.000 £ 5.520 (4.33)  54.570 % 4.908 (9.29) 2.292 0.322
EHI 54.000 £ 27.049 (7.75)  45.000 =+ 24.694 (6.36) 0.645 1.000
PPVT 175.00 4 3.885 (7.14)  170.14 £ 10.958 (7.86) 0.320 1.000
PSS 14.50 £ 1.668 (8.58) 10.86 £ 2.187 (5.64) 1.368 1.000
RRS 36.67 + 5.044 (7.75) 31.43 £ 2.680 (6.36) 0.644 1.000
SDQ-I 3.142 £+ 1.388 (6.71) 4.285 £ 1.539 (8.29) 0.710 1.000
SDQ-E 3.286 + 1.459 (6.29) 5.571 + 1.325 (8.71) 1.104 1.000
SDQ-Total 7.50 £ 3.085 (6.00) 9.86 & 1.908 (7.58) 0.858 1.000
DASS-D 7.00 + 4.058 (7.42) 2.86 £ 1.370 (6.64) 0.378 1.000
DASS-A 7.33 £+ 4.310 (7.50) 2.57 +1.288 (6.57) 0.458 1.000
DASS-S 8.00 £ 3.425 (6.92) 9.14 +2.988 (7.07) 0.072 1.000
Music
Experience 7 Yes 3 Yes 2.280 0.322
(child)
Music
Ez‘;’:rrelreft‘je 5 Yes 1 Yes 2392 0322
guardian)
Child Gender 2 Female 4 Female 0.816 1.000
Bilingualism 4 Monolingual 3 Monolingual 0.760 1.000

Note. SES: Adapted Hollingshead Socioeconomic Status Inventory [34], EHI: Edinburgh Handedness
Inventory [36], PPVT: Peabody Picture Vocabulary Test-IV [38], PSS: Perceived Stress Scale [39], RSS: Rumi-
native Response Scale [40], SDQ-I: Internalizing Score for the Strengths and Difficulties Questionnaire [41], SDQ-E:
Externalizing Score for the Strengths and Difficulties Questionnaire [41], SDQ-Total: Total score for the Strengths
and Difficulties Questionnaire [41], DASS: Depressions Anxiety Stress Scale [35], DASS-D: Depression Anxiety
Stress Scale-Depression Subscale [35], DASS-A: Depression Anxiety Stress Scale-Anxiety Subscale [35], DASS-S:
Depression Anxiety Stress Scale-Stress Subscale [35]. @ After exclusion of one participant. ? p values were corrected
using the FDR Benjamini—Yekutieli Procedure [42,43].
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2.2. Auditory Screening

A pediatric hearing test was performed to assess the normal hearing of the participants
using a GS1 61 audiometer (Grason-Stadler, Eden Prairie, MN, USA). This ensured that
tones could be heard between —10 dB and 25 dB. At 20 dB sound pressure level, the
tones were presented between 500 and 4000 Hz in each of the left and right ears. All
participants were found to have hearing in the normal range, with no group-related
differences. Children were also assessed for visual acuity using the Snellen chart for
distance vision and the Rosenbaum chart for near vision. Color vision was assessed
using the Ishihara test for color blindness [44]. All children had normal or corrected-to-
normal vision.

2.3. Auditory Go/No-Go Paradigm

The auditory Go No-Go task was carried out with continuous recording with an EEG
cap fitted to each participant. Participants were presented with four blocks of practice
trials, each with 10 trials per block. The first of the blocks involved a Go trial and the
trial simultaneously presented visual feedback of a flashing “GO!” on a screen. Following
the first practice block, the remaining blocks (practice and trial) did not contain a visual
cue. Participants were invited to focus on a white cross fixed on the screen and to stay
as still as they were able. They were asked to respond to the green button a response
pad using their dominant hand. For all blocks, the participants were requested to attend
to two tones (1100 Hz and 2000 Hz) but only to respond with a button press if the tone
matched the predesignated tone at the beginning of the block. If the tone did not match
the predesignated tone, they were asked to withhold the button press response (the No-
Go task).

The resultant paradigm comprised the presentation of all the following experimental
conditions: 1100 Hz stimulus assigned Go, 1100 Hz stimulus assigned No-Go, 2000 Hz
assigned Go, and 2000 Hz assigned No-Go. The participants were asked to be as quick
and accurate as possible in their responses. Each stimulus tone lasted 100 ms with an
interstimulus interval varying between 1000 and 1400 ms. The Go trial was presented 70%
of the time, while the No-Go was presented 30% of the time. Four blocks of 100 trials totaling
400 trials were presented with an equal distribution of 1100 Hz and 2000 Hz Go trials
throughout the blocks. The order of presentation of Go and No-Go tones was randomly
presented across blocks for each participant. The predesignated tone was repeated prior to
testing blocks if the participant requested it.

2.4. EEG Acquisition and Processing

The EEG recording utilized a 32-channel Brain Vision actiCHAP cap (acti-CHAP, Brain
Vision LLC, Morrisville, NC, USA). Electrodes were inserted into the correct location in
the cap using a referential montage and the 10-20 International system. Two drop-down
electrodes were placed outer canthus of the eyes, and a ground electrode was placed on the
participant’s collarbone (left).

EEG channels were amplified with a gain of 10, range of 200 uV (400 uV peak to
peak), accuracy of 29.80 nV/LSB, low pass filter at 500 Hz using SynAmps RT, and a
sampling rate of 1 kHz. For acquisition a Butterworth filter, 6 dB per octave, 3 dB down
at 500 Hz, was utilized. All electrodes were referenced to a common average reference.
Resting-state EEGs were recorded pre-experiment and postexperiment, with 2 min eyes
open and 2 min eyes closed. These were unremarkable in the participants. EEG electrode
locations were mapped using Brain Electric Source Analysis (BESA Version 6). Trials with
excessive deflection (>100 uV or <—100 uV) (non-ocular) were excluded from averaging.
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Eye-movement calibration was carried out prior to task blocks. Ocular correction utiliz-
ing Principal Component Analysis and BESA Surrogate Model (BR_Brain Regions_LR.bsa)
was performed. Artificial corrections were performed for eye blinks, horizontal and vertical
eye movement, and interpolation of EEG raw data with excessive noise. These corrections
were performed based on the 32-channel configuration, with a fit threshold of artifact
classification to a BESA model of RZ > 0.80. The rejected trials made up less than 10% after
artifact correction and rejection. Post-data acquisition average signals from electrodes were
amplified with filter settings at 0.15 Hz high pass and 100 Hz low pass. Eye movements
(horizontal) were recorded with electrodes from a split bipolar electrode on the outer canthi
at HEOG. Impendence remained under 5 k().

Due to missing and excessive background noise, data collected from one child in the
CEM group had to be excluded. (Notice that Table 1 is based on the reduced sample).

Fast Fourier transform (FFT) was applied to the 1000 Hz data to measure the event-
related band power (ERBP) for epochs of 1000 ms from stimulus presentation (which
defined the 0 ms mark and onset of each epoch). FFT was achieved using the power-in-
bands function as implemented in BESA (BESA v.5.4.28; http:/ /www.besa.de/, accessed
on 20 December 2021). The resulting band frequencies were defined as follows: Delta
(0.5-3.5 Hz), Theta (3.6-6.5 Hz), Alphal (6.6-8.5 Hz), Alpha2 (8.6-12.5 Hz), Betal (12.6—
16.5 Hz), Beta2 (16.6-29.5 Hz), and Gamma (29.5-40 Hz). For all bands, all measured
averaged values were expressed as uV2. Band frequency extraction was locked on two
time intervals: 300-500 ms and 500-1000 ms. These two time intervals corresponded to
two critical waveform windows, respectively, for P300 and post-P300 identified in the same
subjects in the grand ERP averages analyzed in our previous studies [32,45].

2.5. Data Analysis

Statistical analyses of both behavioral and pre-processed EEG data were carried out
using IBM SPSS Software (Version 27). All statistical analysis followed a blinded preset
pipeline detailed in Sections 2.6.1-2.6.5, with groups identified by arbitrary numerical codes.
Group categories and variables were all set at onset and did not change after the initial
coding of the data. The investigators conducting the analysis did not have any knowledge
of which group corresponded to which code until the pipeline was completed and outputs
of the results were produced.

2.6. Statistical Analysis Pipeline

Statistical analysis took a staged approach. Initially, behavioral data were analyzed
(Section 2.6.1). Then, ROI pairs were all analyzed in a large-scale diagnostic approach,
while not considering task and stimulus conditions (Section 2.6.2). Pairs that were found to
be significant were then carried through to a targeted analysis that focused on experimental
conditions within the ROI (Section 2.6.3). Subsequently, a follow-up analysis was carried out
on single electrodes that differed between groups but did not yield significant differences
among ROI pairs (Section 2.6.4). Lastly, stepwise multiple linear regression analysis was
performed on behavioral and EEG data (Section 2.6.5).

2.6.1. Behavioral Analysis

The behavioral data and accuracy for Go trials (Go accuracy) and RTs were analyzed
using two independent sample tests: either t-tests or Mann-Whitney U tests, where appro-
priate (depending on whether the normality assumption was satisfied or not). Pearson’s
correlations were also used. For these analyses, we adapted the FDR correction assuming
o = 0.10 on 3 comparisons; the resulting significance threshold was p = 0.066.
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2.6.2. Diagnostic Preliminary EEG Analysis

A diagnostic General Linear Model (GLM) Repeated Measure (RM) analysis was
conducted to compare effects amongst all EEG bands (Repeated factor: band frequency;
independent factor: Group, CEM vs. Comparison). Alphal band data was excluded from
our analysis due insufficient or missing data in most participants. In addition, the analysis
revealed high multicollinearity and no interactions between group and frequency bands and
no main effects of band frequency surviving FDR correction (for all runs, F(5,65) < 3.812,
all p’s were above FDR-p = 0.003). Therefore, in the subsequent stage, GML-RM models
were run with EEG bands collapsed in one blocked variable in the following order: Delta,
Theta, Alpha2, Betal, Beta2, and Gamma.

2.6.3. Targeted EEG Analysis on ROI Pairs

Following our hypotheses, we conducted pairwise General Linear Model (GLM)
Repeated Measures (RM) models contrasting the ROI pairs as identified in Figure 1. Con-
sequently, we ran GLM-RM models including, as a repeated measure, the blocked EEG
bands (2 levels: 1100 Hz and 2000 Hz) and as a between-subject factor the groups (2 levels:
CEM vs. Comparison). Four distinct sets of five GLM-RM models were run: one for the
P300 interval, the other for post-P300, and for Go and No-Go conditions, respectively.
Because this was an exploratory study, we adopted a balanced non-overly conservative
approach to correct for multiple testing (since there were 20 comparisons). Assuming a
significance threshold of p = 0.10, the corrected threshold was derived from the average
familywise False Discovery Rate (FDR) [46] was p = 0.052; therefore, we any p < 0.05 was
considered significant.

2.6.4. Follow-Up Analysis on Single Electrodes in Left Hemisphere

Follow-up exploratory analyses examined single electrodes in the left hemisphere
for which the pairwise contrasts did not yield significant results. For the latter analyses
and to analyze accuracy rates and reaction times, we used parametric or non-parametric
2-independent samples tests. For these, we adapted the FDR correction assuming again
that p = 0.10 on 3 comparisons; the resulting significance threshold was p = 0.066.

2.6.5. Behavioral-EEG Analysis

Multiple linear regression analyses were run using behavioral data and EEG data,
with stepwise entry method, inclusion criteria of p < 0.05, and exclusion criteria of p > 0.10.
Specifically, these models were run regressing EEG lateralization difference power values
onto combined RTs, Go accuracy scores, PPVT scores, and auditory sensitivity across the
groups, respectively. Again, given 20 comparisons and assuming a significance threshold
of p =0.10, any p < 0.05 was considered significant, as per FDR correction.

3. Results
3.1. Behavioral Results
3.1.1. Reaction Times and Accuracy in Go Trials

Mean accuracy in the Go trials was higher in the CEM group (89.80% SD = 18.38)
than in the Comparison group (83.93%, SD = 18.99), but this difference was not significant.
Reaction times revealed that the CEM group was consistently faster than the Comparison,
which was significant for Go trials with the 2000 Hz tone (£(13) = 2.150; p = 0.052; d = 1.113)
but not for those with the 1100 Hs tone (#(13) = 1.325, p = 0.210, d = 0.686). Moreover, impor-
tantly, this RT difference was marginally significant for the mean performance collapsed
across trials for both tones (#(13) = 1.938; p = 0.076; d = 1.003) (see Figure 2).
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Figure 2. Mean RTs with 1 Standard Errors for CEM and Comparison groups in response to the
two tones (1100 and 2000 Hz) used in the Go trials. (Comparison: n =8, CEM: n =7).

3.1.2. Intercorrelations between Behavioral and Screening Measures

Accuracy in the Go trials was inversely related to RTs for the 1100 Hz tone (r(15) = —0.713,
p = 0.003, d = 2.016) and also inversely correlated with collapsed RTs (r(15) = —0.511,
p = 0.051, d = 1.189), indicating that faster response generally corresponded to more accurate
performance (indeed to confirm this, when RTs for both 1100 and 2000 Hz were regressed
as a block-combined variable onto Go accuracy, this multiple regression model confirmed
a strong predictive effect of speed on accuracy (Adjusted R? = 0.573, F(2,12) = 10.385;
p=0.002, d = 0.757).

Because they could potentially provide additional insight into the patterns of results,
we also ran correlations between Go Accuracy and then combined RTs and the scores from
two relevant screening behavioral measures, PVVT (measuring receptive vocabulary and
semantic lexical memory) and auditory sensitivity (collapsed across all hearing screening
trials and tone stimuli, i.e., 500, 1000, 2000, and 4000 Hz). While PPVT scores were
not correlated with Go Accuracy ((15) = 0.362, p = 0.204, d = 0.776) or combined RTs
(r(15) = —0.337, p = 0.238, d = —0.814), auditory sensitivity was strongly correlated with
Go Accuracy (r(15) = 0.668, p = 0.005, d = 1.795) and marginally with combined RTs
(r(15) = —0.428, p = 0.111, d = 0.947). These results offer a first insight that performance in
the Go/No-Go task was related to auditory sensory and attention processes rather than
semantic and lexical aspects of language.
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3.2. EEG Results
3.2.1. Contrasts Comparing ROI Pairs

As hypothesized, we found a left-lateralization effect between groups for the contrast
FC1 vs. FC2 in the No-Go trials at the post-P300 window (see Top Panel of Figure 3).
The CEM group showed significant mean left asymmetry (expressed as mean difference
EEG power values in Figure 3) as opposed to the opposite mean right asymmetry in the
Comparison group (F(1,13) = 5.307, p = 0.038, d = 1.281). For the C3 vs. C4 contrast, we
found an interaction in the Go trials at the P300 window (see Bottom Panel of Figure 3)
between Group and tone frequency (F(1,13) = 7.629, p = 0.016, d = 1.536), showing that mean
EEG responses were left-lateralized in the CEM group for both tone frequencies, whereas
left-lateralization was apparent in the Comparison group only in relation to 2000 Hz tones.

p=0.038 *

L , | FC1 vs. FC2

F ﬁ NoGo, post-P300

| |
| ‘ C3vs.C4
R { ___”” ) Go, P300

B 1100Hz ™ 2000Hz

CEM Comparison

Figure 3. (Top Panel): Mean difference EEG power of CEM and Comparison groups at FC1/FC2
electrodes at post-P300 time point during inhibitory (No-Go) task at 1100 Hz and 2000 Hz tone
frequency. Data presented combined delta, theta, alpha2, betal, beta2, and gamma bands. Mean
power analysis shows significant FC2 left lateralization in the Comparison group compared to
an FCl1 lateralization CEM for both stimulus tones. * (CEM: n = 7; Comparison: n = 8. GLM-
RM, F(1,13) =5.307, p = 0.038, d = 1.281). (Bottom Panel): Mean power lateralization of CEM and
Comparison groups of C3 and C4 electrode for combined delta, theta, alpha 2, betal, beta2, and
gamma bands during an auditory Go task at P300 for 1100 Hz and 2000 Hz tone frequencies showing
lower left lateralization for the Comparison group at 1100 Hz tone. ** (CEM: n = 7; Comparison n = 8.
GLM-RM, F(1,13) =7.629, p = 0.016, d = 1.536).

Additionally, for the post-P300 No-Go trials, we found a reduction in mean EEG power
in the left Centroparietal pair for 1100 Hz tones in the CEM group relative to Comparison
(2.535 vs. 3.734; F(1,13) = 5.844, p = 0.031, d = 1.344).

No other electrode pairs contrasts yielded significant effects.



Symmetry 2022, 14, 538 11 of 18

3.2.2. Follow up Focused Contrasts on Single Electrodes

The follow-up exploratory single-electrode analysis for T7, in both Go and No-Go
trials at the P300 window, revealed lower left mean EEG power in the CEM group again as
opposed to the Comparison group in response to both tones (1.925 vs. 2.435; F(1,13) = 4.985,
p = 0.044, d = 1.241). A Mann-Whitney U test revealed that, during No-Go, at the P300
window, the CEM group showed higher left Theta power in F3 than the Comparison group
for both stimulus tones (10.45 vs. 6.90; Z = 2.043; p = 0.041, d = 1.242).

3.3. Behavioral-EEG Results

Stepwise regression models of lateralization difference scores of EEG power revealed
distinctive patterns of relationships between EEG lateralization and different behavioural
and screening outcomes, i.e., Go accuracy, combined RTs, PPVT, and auditory sensitivity.
Table 2 shows the results of all significant or marginally significant and valid (non-null)
stepwise multiple regression models (relative to FDR significance threshold) including non-
redundant, contributing frequency bands. In particular, the table reports unstandardized
[ coefficients (in parenthesis, next to corresponding frequency band) that indicate the
direction of lateralization difference (again as above computed as Left-Right), whereby,
a positive regression coefficient indicates a left lateralization effect while a negative one
indicates a right lateralization effect.

Table 2. Results of stepwise models regressing lateralization difference scores for Power EEG
frequency bands (Delta, Theta, Alpha 2, Beta 1, Beta 2, and Gamma) onto behavioral and screening
tests outcomes.

Behavioral/Screening Measures

. . . cee s Auditory
Conditions PPVT Go Accuracy Rea?tlon Time, Audltory.Sensmwty, Sensitivity,
Combined Average Right Left
Beta2 (47.855)
Betal (8.878) _
Alpha2 (~9.077) Betal (—3.890)
€3, 1100 Hz, Go, B Theta (2044) B R?=0.141 i
P300 s F =3.305 (d = 0.810)
R? =0.695 0,098
F=8.979 (d = 3.019) p=b
p=0.011*%
Beta2 (—360.313)
Betal (101.222)
€3, 2000 Hz, Alllgi‘izo(ﬁffg) Alpha2 (—21.501) Be;;‘{%%gf’
Go - = Theta (20.375) s -
. F=3.174 (d = 0.787) > F=7.111(d =1.322)
P300 0,095 R%=0.788 0042 ¢
p=0 F =13.987 (d = 3.856) p=0
p=0.001*
Gamma (7.451)
FC1, 1100 Hz, Theta (1.159) T;’;’tf 60‘293810)
No-Go, - - - R% =0.305 e e
post-P300 F=4.067 (d = 1.325) F= 5'2_18 5‘17; L0%)
p=0.071* p=0
Betal (—52.204)
Beta2 (—7.165) Delta (94.667) Delta (—8.107) Delta (—1.221)
FC1, 2000 Hz, No-Go, Theta (—34.122) R2=0.143 R2=0.146 R? = 0453 i
0st-P300 R? =0.601 F=3339(d=0817 F=3384(d=0.827 F=12.610 (d = 1.820
p
F=7.526 (d = 2.455) p=0.098 p =0.098 p=0015*

p=0.016*

Note. Values in parentheses represent unstandardized beta coefficients (B) of univariate regressions composing
the stepwise multiple regression model (shown next to corresponding frequency band). The signs of the ’s
indicate the direction of lateralization difference (as computed as Left-Right), whereby a positive regression
coefficient indicates left lateralization effect while a negative one indicates a right lateralization effect. R squared
values are adjusted. Degrees of freedom for the F ratios ranged from 1 to 3 for the numerator error term, and
from 9 to 13 for the residual error term. Stepwise model criteria were p < 0.10 for entry and p > 0.15 for exclusion.
Sequence of variable entry yielded no differential effects. Empty cells indicate that no significant models were
found. p values were adjusted using the Hochberg—Benjamini FDR procedure; “**” asterisks indicate significant
findings surviving FDR correction; “*” indicates marginal significance.
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Results showed mixed patterns of right and left lateralization effects in different bands
for RTs and accuracy in C3 for the Go trials within the P300 window. Importantly, however,
they also showed a clear differential pattern for PPVT and auditory sensitivity, as the
latter showed significant and marginally significant associations with left-lateralization
for EEG bands usually linked to attention (theta and beta 1) at C3 in the P300 window. In
contrast, PPVT scores were associated with right-lateralization difference scores at FC in
the post-P300 window. In the latter condition and window, auditory sensitivity showed an
association with right-lateralized slow waves (delta).

4. Discussion

Table 3 summarizes the most salient findings of the present study.

Table 3. Summary table of behavioral and EEG results.

Analysis Result

Go trial (2000 Hz) reaction time was faster in CEM than in the Comparison group

. Go trial (combined) reaction time was faster in CEM than in the Comparison group.
Behavioral

Go trial accuracy is inversely correlated with Go trial (1100 Hz) and Go trial (combined) reaction times.

Go trial accuracy positively correlated with auditory sensitivity and Go trial (combined) reaction time.

Left lateralization (FC1) in the CEM group compared to right lateralization (FC2) in the Comparison group
(post-P300, No-Go trial).

Left lateralization (C3) in the CEM group (both tone frequencies) compared to left lateralization (C3) in the
Comparison group (2000 Hz only) (P300, Go trial).

Reduced left lateralization (CP5) in CEM compared to Comparison group (1100 Hz only) (post-P300,

EEG No-Go trial).

Higher mean power in T7 electrode in CEM group compared to the Comparison group (combined 1100 Hz
and 2000 Hz) (P300, combined Go and No-Go trial).

Higher power in F3 electrode in CEM compared to the Comparison group (combined 1100 Hz and
2000 Hz) (P300, No-Go trial).

C3/C4 electrode pair (P300, Go trial) showed both right and left lateralization effects associated with Go
accuracy and right auditory sensitivity.

Behavioural-EEG

FC1/FC2 electrode pairs (post-P300, No-Go trial) right lateralization was associated with PPVT score and
right and left auditory sensitivity.

In summary, while performing a Go/No-Go task, children participating in a socially
based classical ensemble music training experimental intervention program showed, over-
all, a more prominent left EEG power lateralization in most of the electrodes corresponding
to the critical nodes of a hypothesized auditory-motor music network. This corresponded
with CEM children being, overall, faster and more accurate than the Comparison group
in responding to stimulus tones in the Go trials. Furthermore, while auditory sensitivity
correlated with more left EEG power lateralization in the central electrodes during stimulus
evaluation in Go trials (i.e., within the P300 window), semantic receptive language skills as
measured by PPVT correlated with more right EEG power lateralization during the inhibi-
tion of response in the No-Go trials (i.e., within the post-P300 window). In other words,
our results indicate a nuanced complex pattern whereby an increase in left EEG power
lateralization seems to be associated with auditory and sound perception processes in
concomitance with stimulus evaluation, as reflected by the P300 ERP signature. In contrast,
a mixed increase in left and right EEG power lateralization, with varying combinations
of band frequencies, was associated with the post-P300 interval of response inhibition,
reflecting linguistic semantic processing (see Table 3).

The findings suggest that LSES children who engaged in ensemble music training
showed a left lateralization shift in key nodes of the motor-auditory music neural network,
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compared to the less lateralized comparison counterparts and LSES individuals in the
general population. It is well known that the neural network in question caters to several
overlapping neurocognitive functions, especially some aspects of language. Consequently,
we suggest that this shift in left hemispheric asymmetry function may benefit the processing
efficiency of language and speech-related skills; therefore, it might be considered for
supportive interventions in disadvantaged subpopulations of children and youth.

The pattern of our findings could be interpreted as converging evidence that the left-
lateralized EEGs recorded in the CEM group at the FC1/FC2 pair (Top Figure 3) may reflect
differing neural activity of the presupplementary motor complex (pre-SMA), implicating
the left-lateralized resting state of the pre-SMA as described by Lou et al. [23] (see also
Sharp et al. [47]). The left lateralization pattern observed in the CEM group at the C3/C4
pairing (Bottom Figure 3) may represent differing sound perception relating to non-speech
element processing differences between the two groups. That is, left lateralization in
the CEM group may reflect auditory and perceptual processing of music-related aspects
including timbre, duration, and dynamic, while right-lateralization in the Comparison
group may reflect non-speech engagement and tone-frequency processing such as pitch
comparison [23]. This interpretation is supported by a study Black et al. [48], who found
that a “global” interpretation of stimuli differs in laterality from more “local” interpretation.
Black et al. [48] proposed that local processing, that is, processing that involves a more
detail-oriented mode of sound perception, is more left-lateralized as compared to the
right lateralized global wholistic mode. Our results are compatible with the possible
interpretation that the CEM group might engage in a more local approach to the perception
of Go stimuli (i.e., precise discrimination of the pitch itself), while the Comparison group
might prefer a global approach (i.e., the comparison of more global features such as Go and
No-Go, high vs. low pitch). If this interpretation is correct, then left lateralization in the
CEM group may reflect auditory and sensory-perceptual features of stimulus processing.
Supporting this conclusion, a key finding in the present study was the correlation between
auditory sensitivity and left lateralization in the central electrodes.

Left-lateralized language-associated regions in children typically include the superior
temporal cortex and the inferior frontal cortex [32], which we associated with electrode T7.
We found significantly higher left lateralization activity in the Comparison group, which
may indicate activation of the left supramarginal gyrus (SMG) [49]. The association of SMG
to pitch memory in non-musicians was shown by Schaal et al. [50], demonstrating that the
use of the left SMG in non-musicians is important for pitch memory. Higher activity of the
left SMG has also been found in musicians in several studies, and in some cases, it has been
related to speech processing and productive language ability [9,10]. The observed differ-
ences in asymmetry between CEM and Comparison groups, therefore, suggest evidence
of differing neural processes, specifically in productive language processing [5,7,8]. These
asymmetries might provide, in the future, unique targets or markers for predicting cognitive
development, vulnerabilities/disorder risks, or intervention/treatment choices. Asym-
metrical differences have been reported in other studies measuring asymmetry changes
after treatment for depression and utilizing asymmetry as a method to monitor language
development [51,52].

Indeed, LSES is known to be associated with systemic factors that impact aspects of
productive language ability through pathways of non-mainstream linguistic environment,
stress, and non-normative differences in self-regulation [53]. Our finding that the CEM
group had higher EEG asymmetry in FC1/FC2 electrodes than their Comparison counter-
part seems similar to the finding of increased IFG activity asymmetry to the left inferior
frontal gyrus (IFG) in higher SES children reported in the functional resonance imaging
study (fMRI) of Raizada et al. [24]. Assuming the plausibility of our FC1/FC2 electrode
pair mapping to (bilateral) IFG, this functional asymmetry may represent more efficient
productive linguistic processing in the CEM group. Moreover, crucially, because LSES
children typically show less left lateralization [5,7,8], it suggests the idea that although
musical training may boost plastic development of these areas in all children, it could still
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be particularly beneficial for LSES children’s positive development, as suggested in the
literature [54,55].

Importantly, part of the present findings replicated findings by Bartha-Doering et al. [56]
who found that, in fact, less lateralization is associated with better semantic and receptive
language performance and verbal memory—which involve receptive vocabulary (again,
as measured by our PPVT screening measure). Specifically, we found negative (right
lateralized) correlations between PPVT and FC lateralization. These results agree with
the findings from the literature reporting that left or even right lateralization is associated
with better performance on semantic linguistic and/or receptive vocabulary tasks. Other
studies have addressed the contradicting results of lateralization in musicians, reporting a
range of patterns from left-lateralization to bilaterality [10,57,58]. The inconsistencies might
be dependent on the variety of methods, the interventions considered, the neuroimaging
techniques, and the ROIs as well as task conditions used in the studies.

In the context of the present study, there is no contradiction because we found evidence
supporting the conclusion that the association between right lateralization and semantic re-
ceptive vocabulary, at the post-P300 window;, reflected different linguistic components than
those implicated by the correlation between the left lateralization and auditory sensitivity
at the P300 window. The two distinct sets of findings not only occurred at different stages
and time intervals but also in different electrodes and for different EEG frequency band
patterns. Thus, our results could simply be showing that different patterns of lateralization,
as measured with the superior time resolution of EEG, reflect different types of linguistic
functions. This interpretation is supported by research demonstrating changes in bidirec-
tional connectivity between hemispheres during different stages of language processing in
children aged 9-15 [57,59]. Consistent with this latter literature, we therefore conclude that
certain task states may very well involve activity-laterality bidirectionally, but they still
occur at specified spatial and temporal points. Particularly in the P300 window, increased
lateralized EEG power to the left in central and frontal electrodes may likely reflect refined
or more efficient language processes that have to do with production, speech, and auditory
analysis of the low-level, bottom-up features of stimuli sounds such as the tones we used
in our Go/No-Go task.

The present findings should be considered as preliminary given our small sample size
(i.e., low statistical power) and the limited spatial resolution of EEG. Future replication
investigations should strive for larger sample sizes and combined fMRI and EEG measure-
ments to further validate localization. It must be noted, however, that notwithstanding our
low statistical power, the effect sizes associated with the significant group differences we
found were medium to very strong. Specifically, the range of Cohen d in our significant
findings was between 1.003 and 1.536. In terms of common language effect size (CLES,
see [60]), this means that we found that a score sampled from the CEM group distribution
would be different than a score sampled from the Comparison distribution between 76.09%
and 86.13% of the times. The effects corresponding to the presence of lateralization vs. null
effect, irrespective of group differences, were even stronger (see Table 3; Cohen d range:
1.096 to 3.856; CLES range: 78.08% to 99.68%). These considerations strongly suggest that
larger replication studies would obtain similar or stronger evidence with perhaps more
refined differences (i.e., differences amongst band frequencies, rather than blocked effects
across frequency bands, which we were not able to disambiguate). In the context of other
EEG studies, our recorded power differences are of similar magnitude as other studies
that also analyzed the asymmetry of neural function and found practically or clinically
meaningful results [61].

An aspect of future research that could be improved is specifying the role of social
interaction in mediating the influence of ensemble music training on brain activity changes.
In the present study, the social effects and the cognitive/perceptive effects were completely
confounded, and so we could not pinpoint exactly what it is about learning to play in an
orchestra, using the particular pedagogical approach of the intervention studied here, i.e.,
El Sistema, that might function as vehicle for neurofunctional plastic changes in children.
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Survey studies and studies using other methods have pointed at the role of socioemotional
self-regulation [17]. Alternatively, however, in the context of emerging research trends in
music psychology and education, the confounded factor present in our study would not
be considered as a limitation but as an “ecological constraint” or necessity and, ultimately,
as a point for further investigation. In particular, from the new emerging perspective of
the sensorimotor theory of auditory perception [62], learning to play in ensemble music
settings involves a particular type of “listening” (to each other, to the music, etc.) not only
because it generates a social stream of communication across peers or between teachers
and students but also because it allows the development of a type of cognition guided
by audition, which promotes motor adaptations to auditory and sound events as well as
mental auditory imagery [63] and, as proposed very recently, this can be considered as a
form of “embodied language” (interactive communicative processes) [64]. Considering this
perspective, the challenge will be for future neurophysiological and neuroimaging research
to flesh out in detail what in vivo neural patterns correspond to these complex forms of
socially based cognitive activities in children learning ensemble music, and what might be
the specific link with brain activity asymmetries we have uncovered.

5. Conclusions

Despite its limitations, the present study showed evidence suggesting that socially
based music training offered to low socioeconomic status children changed the processes
associated with sound perception at the neural level. LSES children who engaged in the
ensemble music training showed left lateralization shifts in key nodes of the motor-auditory
music neural network relative to LSES peers in the Comparison group and in the general
population. The pattern of results suggested evidence of improved sound perception,
different group approaches to task processing, and electrophysiological correlates of puta-
tively more efficient language-related auditory processing. The present study contributes
evidence which suggests the use of EEG activity asymmetries as a possible assessment
tool for developmental interventions. Further, it highlights socially based ensemble music
training as a potential candidate for ameliorative supportive interventions in LSES children.
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