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Abstract: Music training was shown to induce changes in auditory processing in older adults. 
However, most findings stem from correlational studies and fewer examine long-term sustainable 

benefits. Moreover, research shows small and variable changes in auditory event-related potential 
(ERP) amplitudes and/or latencies in older adults. Conventional time domain analysis methods, 
however, are susceptible to latency jitter in evoked responses and may miss important information 

of brain processing. Here, we used time-frequency analyses to examine training-related changes in 

auditory-evoked oscillatory activity in healthy older adults (N = 50) assigned to a music training 

(n = 16), visual art training (n = 17), or a no-treatment control (n = 17) group. All three groups were 

presented with oddball auditory paradigms with synthesized piano tones or vowels during the 

acquisition of high-density EEG. Neurophysiological measures were collected at three-time points: 
pre-training, post-training, and at a three-month follow-up. Training programs were administered for 

12-weeks. Increased theta power was found pre and post- training for the music (p = 0.010) and visual 
art group (p = 0.010) as compared to controls (p = 0.776) and maintained at the three-month follow-up. 
Results showed training-related plasticity on auditory processing in aging adults. Neuroplastic 

changes were maintained three months post-training, suggesting music and visual art programs 

yield lasting benefits that might facilitate encoding, retention, and memory retrieval. 
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1. Introduction 

Music training is a temporally complex activity that contributes to auditory processing 
and neuroplasticity [1]. Practicing a musical instrument builds a sensory vocabulary of 
internal representations to generate predictions about upcoming sensory input [2]. For 
instance, temporal elements are necessary to predict the following rhythmic pattern for 
the listener, and prediction is critical to the timing and articulation of sounds that emerge 
during instrumental performance [3]. Given the reliance upon sensory predictions in some 
learning domains, it is increasingly common for researchers to use neurophysiological 
measurements that capture time-frequency information [4]. However, most research in 
music training focuses upon conventional measures of event-related potentials (ERPs) that 
are susceptible to latency jitter in evoked responses. These measures may not capture 
neural activity during temporally complex tasks. Neural oscillations provide a complemen-
tary measure of auditory processing and neural plasticity not available in conventional 
(e.g., ERP) techniques. This aim of this study was to examine the effects of a novel music 
and visual art training programs on auditory evoked and induced oscillatory activity in 
aging adults. 
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1.1. Predictive Coding Theory and Auditory Segmentation 

Predictive coding theory suggests that generated predictions from actual sensory 
input guide the brain’s internal states compared with previous information gained through 
experiences [5]. The brain may respond to sound objects against a priori sensory predictions 
in various elements of music, i.e., rhythm and meter [6]. Research also suggested that 
theta oscillations reflect an active auditory segmentation mechanism that may complement 
auditory entrainment [7]. According to this hypothesis, incoming acoustic information 
within a temporal window of 150 to 300 ms would be grouped together. The process of 
chunking incoming streams of sound events is thought to facilitate the prediction and 
identification of sound objects. If this is the case, music training may strengthen the 
auditory system’s ability to perceptually organize sound events. In addition, changes 
in oscillatory power are assumed to reflect the size of the neuronal assembly involved 
in stimulus processing and temporal synchronization [8]. We hypothesized that music 
training might increase auditory segmentation resulting in increased theta activity when 
compared to visual art training or no treatment controls. 

Several EEG studies applying time-frequency analysis have revealed differences in os-
cillatory neural activity in listeners with music experience [9,10]. Cross-sectional studies 
comparing musicians and non-musicians showed lower spectral coherence in overall neural 
oscillations over temporal, central, and parietal scalp locations while completing a pattern 
recognition and spatial working memory task [9]. Similarly, musicians with absolute or 
relative pitch show decreased cortical activity over temporal and parietal regions compared 
to non-musicians [10]. Moreover, several intervention studies examining music training in 
children [11–14] and young adults [15] have observed changes in induced brain responses in 
auditory and motor regions [16]. Relevant to this study, several cross-sectional reports have 
shown enhancements in both evoked and induced neural oscillations related to improved 
perceptual-cognitive function, including those related to speech perception [17–19]. For in-
stance, research showed differences in gamma, alpha, and beta activity in young adults with 
music training as compared to controls. Musicians demonstrated stronger auditory object 
representations for speech signals and were able to match sounds to internalized memory 
templates [17]. Shahin and colleagues [18] found gamma band activity for professional 
adult musicians with larger bursts associated with the instrument of specialization. Re-
search examining gamma activity in professional musicians and young children also found 
enhanced gamma activity in adult musicians [19]. In contrast to professional musicians, 
no significant evoked gamma responses were found for children (4–5 years) who were 
beginning music instruction. However, to date most of these studies were cross-sectional 
or were restricted to children and young adults. Whether or not such neuroplasticity is 
causally related to music training and exists in older adults has yet to be determined. 

1.2. Neural Oscillations in Aging 

Aging is associated with impaired hippocampal-dependent learning characterized by 
reduced theta oscillations [20,21]. Theta oscillations rely upon the supply and reuptake 
of cholinergic input and are critical for novel learning and memory processes, e.g., encod-
ing/recognition, working memory, and episodic memory [22,23]. For instance, memory 
recollection tasks in older adults show reductions in theta and beta oscillatory power 
during stimulus processing, and post-stimulus theta activity positively correlates with 
episodic memory performance [24,25]. Evidence also suggests that theta oscillations are 
sensitive to the temporal order of stimulus events and are less relevant to storage function 
in learning [26]. These data have broad implications for theta oscillations as a potential 
metric to index learning and memory and may provide a means to examine how older 
adults respond to training programs with the aim of improving or offsetting age-related 
declines in cognitive function. 

Moreover, different frequency rhythms of the EEG are not homogenous but might be 
related to different perceptual and cognitive functions. This leads to the intriguing possibil-
ity that music training may be associated with changes in lower vs. higher oscillatory bands 
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depending on the nature of the stimuli and task demands [27]. Indeed, differences between 
cortical responses underlying pitch and duration processing in young adult musicians and 
non-musicians indicate experience-dependent changes in neural activity [28,29]. Oscillatory 
brain activity and long-range intra-hemispheric coherence in theta band was significantly 
higher during a verbal memory task for musicians than non-musicians, despite limited 
group differences in intra- and inter-hemispheric coherence during encoding [30]. Increased 
theta power over the right frontoparietal scalp has also been observed in adults learning 
short piano sequences [31]. These findings suggest that theta power may be associated 
with reconciling a prediction with an unfamiliar sound response. Collectively, these studies 
suggest associations between neural oscillations in the theta band and musical expertise. 

Low-frequency theta oscillations are also associated with enhanced executive functions 
in sustained attention [32], working memory [33], and memory encoding [34]. Research 
examining age-related differences found that theta activity was associated with attention 
refocusing on tasks requiring consolidation [35]. Researchers found differences in theta 
recruitment with increased load on auditory working memory tasks (e.g., N-Back), with 
increased mid-frontal theta power for young adults, and decreased theta power in older 
adults [36]. 

Oscillations in higher EEG bands, namely the beta frequency range, have been linked 
to pitch processing and are similarly enhanced in musicians [27]. Beta oscillations have also 
been associated with rhythmic regularity and timing of movements in musicians [37,38]. 
For instance, beta signal power decreases have been found before and during movements, 
while increases in the strength of beta have been found after movements [39]. Research 
examining beta-band oscillations during a passive listening task in older adults found 
modulated beta oscillations in the auditory cortices similar to younger adults after 15 piano 
lessons [40]. Beta power was linked to prediction error and prediction updating after the 
onset of an unexpected sensory event [2,41]. In addition, the results of an auditory oddball 
task showed a U-shaped beta power modulation on the left auditory cortex and delta-beta 
coupling on the right auditory cortex [29]. Researchers examined the effects of 15 indi-
vidualized piano lessons in seven healthy adults on beta and gamma oscillations found 
increased gamma synchrony post-training and a shift of dipole source locations toward the 
anterior direction compared to participants who did not receive piano training [42]. Yet, no 
studies, to our knowledge, have evaluated the effects of general music training on neural 
oscillations in aging adults compared to an active control condition, visual art training, or 
no-treatment group. 

To this end, the purpose of this study was to examine evoked oscillatory neural 
activity in older adults who were assigned to either music training, visual art training, 
or a no-treatment control group. We sought to extend previous findings from Alain and 
colleagues [43] by applying time-frequency analyses to assess the effect of training on 
oscillatory power indexing auditory deviance processing of speech (vowel oddball) and 
nonspeech (pitch oddball) sounds. Since pitch changes and sensorimotor representations in 
music have been associated with beta and theta oscillations, we hypothesized an increase 
in theta and beta power post-training as compared to visual art (active control) or a passive 
(no intervention) control group [28,30,40]. For those enrolled in visual art training, we 
hypothesized an increase in gamma power would emerge post-training, given previous 
associations between gamma and visual orientation [44]. 

2. Materials and Methods 
2.1. Participants 

We examined oscillatory neural activity in older adults over age 60 (N = 50, Table 1). 
Adults consisted of those who were randomly assigned to a music training (n = 16) or visual 
art training (n = 17) group and a group of adults who were separately recruited for a no 
treatment control (n = 17) condition [43]. New measures reported herein extend the findings 
of Alain and colleagues [43] by examining auditory deviance processing for speech and non-
speech sounds. Participants had limited prior music or art training and were previously 
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screened for amusia and auditory deficits with the Musical Ear Test [45]. Demographic 
characteristics across groups (Table 1) showed no differences in age, years of education, or 
estimation of intelligence as measured by the Wechsler Abbreviated Scale of Intelligence-
Second Edition [43,46]. Written informed consent was obtained from all participants in 
conjunction with the policies established by the Baycrest Research Ethics Committee. 

Table 1. Group Demographic Data. 

Music (n = 16) Visual Art (n = 17) Control (n = 17) 

Age 67.75 (6.02) 68.47 (6.21) 68.53 (5.99) 
Sex (M/F) 3/13 2/15 3/14 
Education 16.38 (2.68) 17.18 (2.40) 16. 94 (1.48) 

All participants had limited music and visual art training: They had not engaged in 
any visual art or musical training or activity within the past five years and had no more 
than six years of formal visual arts or musical training over their lifespan. The music group 
had an average of 1.2 years (SD 2.0) of private music lessons and 0.7 years (SD 1.2) of 
private art lessons, and the art group had an average of 1.3 years (SD 1.8) of private music 
lessons and 0.2 years (SD 0.7) of private art lessons. The control group had 0.7 years (SD 1.1) 
of private music lessons and 0.3 years (SD 0.9) of private art lessons. 

2.2. Procedure 

Participants completed a battery of measures, pre-, and post-training, as described 
in Alain and colleagues [43]. The battery of cognitive measures included the Wechsler 
Abbreviated Scale of Intelligence-Second Edition, Forward and Backward Word Span, 
Stroop Test, Computerized Peabody Picture Vocabulary Test, and the Digit symbol (subtest 
of the WAIS-R). The findings from these are presented in Alain et al. [43]. During the pre-, 
post-, and follow-up training sessions, participants were presented with a visual Go-NoGo 
paradigm and two auditory oddball paradigms. Here, we report neural oscillations while 
participants were presented with two auditory oddball paradigms (pitch and speech). 

Both oddball paradigms included 510 standards and 90 deviant sounds presented 
in a pseudorandomized order, with the constraint that two deviants could not be pre-
sented consecutively. The standard and deviant stimuli were matched in acoustic features, 
including amplitude and duration. The stimulus onset asynchrony was 1250 ms. The 
binaural stimuli (see Figure 1) were presented at 80 dB sound pressure level via ER-3 insert 
earphones (Etymotic Research). In the pitch auditory oddball paradigm, participants were 
presented with two 500-ms synthesized piano tones that differed only on their fundamental 
frequency (F0) (standard: Eb4, F0 = 314 Hz; deviant: D4, F0 = 294 Hz). In the speech oddball 
paradigm, participants were presented with two natural vowels recorded from a native 
female French speaker. The standard (/u/) and deviant (/ou/) vowels were edited to have 
the same duration (280 ms). They also had comparable mean voice F0, and amplitude. The 
two speech token differed primarily on their second formant (standard: /u/∼1850 Hz; 
deviant: /ou/∼750 Hz), which yielded two distinct vowel timbres. 

2.3. Description of Training Programs 

Training classes met three times per week for one-hour (total of 36 h). A qualified 
visual art and music instructor taught courses at the Royal Conservatory of Music. Music 
training included a general music curriculum with body percussion, voice, and non-pitched 
percussion instruments. Musical concepts of melody and harmony were demonstrated 
through singing activities (e.g., canons, rounds). The visual art curriculum included basic 
drawing and painting techniques, the creation of original works, and the analysis of 
masterworks. Participants received all materials for their respective courses, and no outside 
practice was required. 
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Figure 1. Spectrograms of the auditory stimuli for speech and music oddball paradigms. 

2.4. ERP Data Collection 

A BioSemi Active Two acquisition system (BioSemi, V.O.F., Amsterdam, The Nether-
lands) was utilized to record electrophysiological (EEG) data. We used a BioSemi electrode 
cap based on the 10/20 system [47] with a common mode sense active electrode and a 
passive ground electrode on the right leg. To cover the entire scalp evenly and monitor 
eye movements, we applied 10 additional electrodes below the hairline (both mastoid, 
pre-auricular points, outer canthus for each eye, inferior orbit of each eye, and two facial 
electrodes). Data from 76 electrodes were digitized continuously at 512 Hz with a band-pass 
of DC-100 Hz. Analyses were conducted offline using Brain Electrical Source Analysis 
Software (BESA, version 7.0: MEGIS GmbH, Grafelfing, Germany). 

The EEG data were visually inspected to identify segments contaminated by defective 
electrodes. Noisy electrodes were interpolated using data from the surrounding electrodes, 
and no more than eight electrodes were interpolated per participant. The EEG was then 
re-referenced to the average of all electrodes and digitally filtered using a high-pass filter 
with a cut-off frequency of 1.0 Hz (forward, 6 dB/octave). For each participant, a set 
of ocular movements was identified from the continuous EEG recording and then used 
to generate spatial components to best account for eye movement artifacts. The spatial 
topographies were then subtracted from the continuous EEG to correct for lateral and 
vertical eye movements as well as for eye blinks. The data were parsed into 900 ms epochs 
time-locked to stimulus onset, including 300 ms of pre-stimulus activity. Epochs with 
artifact deflections exceeding ± 60 µV were marked and excluded from further analysis. 

2.5. EEG Time-Frequency Preprocessing 

The conversion of continuous EEG data into the time-frequency domain was per-
formed with BESA Research 7.0. We used a complex demodulation method with 2 Hz 
wide frequency bins and 25 ms time resolution from −300 to 900 ms (with zero-padding of 
2000 ms) in the range of 4 and 50 Hz for decomposing the single-trial EEG data into a time-
frequency representation of temporal spectral evolution (TSE, an equivalent measure of 
event-related (de)-synchronization) to quantify the change in oscillatory power over time). 
The mean oscillatory activity between −250 to −50 ms was used for baseline correction. 
These parameters were chosen to ensure sufficient temporal resolution to examine sensory 
evoked responses and mismatch negativity while maintaining good frequency resolution. 

2.6. Statistical Analyses 

The effects of stimulus type (i.e., deviant vs. standard) on auditory evoked potentials 
and the corresponding oscillatory brain activity were subjected to cluster-based permuta-
tion testing using BESA Statistics (Statistics 2.0, MEGIS GmbH, Gräfelfing, Germany). This 
data-driven analysis does not require a priory decision regarding when and where over the 
scalp the deviance-related brain activity is best expressed in healthy older adults. BESA 
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Statistics 2.1 software automatically identifies clusters of electrodes in space, time, and 
frequency that significantly differ between deviant and standard stimuli. A Monte-Carlo 
resampling technique [48] is then used to identify significant clusters (i.e., above chance 
level) by random data permutation. Importantly, BESA Statistics 2.1 corrects for multiple 
comparisons across time, frequency, and electrodes. An alpha of 0.05 was used for cluster 
building. The number of permutations was set at N = 3000. 

The clustered-based statistic was first performed on auditory evoked potentials from 
0 to 400 ms post-stimulus using 61 scalp electrodes. We excluded electrodes below the 
hair line (i.e., F9, F10, FT9, FT10, TP9, TP10, P9, P10, CB1, CB2, Iz), electrodes lateral and 
below the eyes (i.e., LO1, LO2, IO1, IO2), which tend to be noisier than scalp electrodes and 
are more sensitive to muscle artifacts. Separate cluster-based statistics were performance 
for the auditory evoked responses from the music and speech oddball paradigms. These 
analyses comprised all participants from the first EEG session and aimed to identify the 
time course of the mismatch negative (MMN) potential. 

The effect of training on oscillatory-evoked activity was examined using a priori 
planned contrasts within the repeated measured ANOVA with the Visual Art group as our 
reference category and session as the within-subject variable. Our primary hypothesis was 
that the effect of treatment will differ between the experimental group (i.e., Music) and the 
active control group (i.e., Visual Art). The secondary hypothesis was that the active control 
group would differ from the passive control group. 

3. Results 

Figure 2 shows pooled group mean auditory evoked responses elicited by the standard 
and deviant sounds, and the corresponding difference wave isolating the MMN in the 
music and speech oddball paradigm before music and visual art intervention program. 
Alain et colleagues [43] previously reported MMN responses peaking earlier for music as 
compared to speech stimuli. Training groups were previously reported to have an earlier 
peak latency as compared to controls (i.e., training effect). Furthermore, the amplitude of 
the MMN for speech was larger than that of the music oddball task. Here, we expand upon 
these findings with cluster-based statistics. 
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Clustered-based statistic revealed a significant MMN in the music paradigms, which 
peaked at 145 ms over frontocentral scalp areas (Table 2). The MMN response was sig-
nificant between 90 and 265 ms following deviant onset over frontal and frontocentral 
sites. It was followed by a small positive deflection peaking at 370 ms over the right 
central scalp area. There was also a significant MMN in the speech oddball paradigm. 
The clustered-based statistic revealed a significant MMN response between 50 and 330 ms 
post-stimulus (Table 2). The MMN peaked at 213 ms after deviant onset over the left frontal 
scalp area and was followed by a positive deflection peak at 360 ms post-deviant onset 
over the left temporal-parietal cortex. In the next section, we examine oscillatory-evoked 
activity that best correlate with the MMN response recorded in both music and speech 
oddball paradigms. 

Table 2. Results from the clustered-statistic comparing auditory evoked responses elicited by deviant 
and standard stimuli from the music and speech oddball paradigm before the intervention. 

Paradigms Cluster Range; Peak Electrodes p Values 

Music 1 90–265 ms 145 ms, FC3 

Fp1, AF7, AF3, F1, F3, F5, F7, FT7, FC5, FC3, 
FC1, C1, T7, C5, C3, P5, P7, Fpz, AF8, AF4, 
AFz, Fz, F2, F4, F6, F8, FC6, FC4, FC2, FCz, 
Cz, C2, C4, C6, CP4 

<0.001 

2 227–396 ms 371 ms, C6 
F1, F3, FC3, FC1, C1, CP1, AF4, AFz, Fz, F2, 
F4, F6, F8, FT8, FC6, FC4, FC2, FCz, Cz, C2, 
C4, C6, T8, CP6, CP4, CP2 

<0.001 

3 57–230 ms 156 ms, O1 
CP5, CP3, CP1, P1, P3, P7, PO7, PO3, O1, Oz, 
POz, CPz, Cz, C2, C6, T8, TP8, CP6, CP4, 
CP2, P2, P4, P6, P8, PO8, PO4, O2 

<0.001 

4 264–389 ms 375 ms, Oz P5, P7, PO7, PO3, O1, Oz, POz, PO4, O2 <0.001 

Speech 1 47–332 ms 213 ms, FC3 

Fp1, AF3, F1, F3, F5, FC5, FC3, FC1, C1, TP7, 
T7, C5, C3, CP5, CP3, CP1, P1, P3, P5, P7, 
PO7, PO3, O1, Oz, POz, Pz, CPz, Fpz, Fp2, 
AF8, AF4, AFz, Fz, F2, F4, F6, FC6, FC4, FC2, 
FCz, Cz, C2, C4, C6, T8, TP8, CP6, CP4, CP2, 
P2, P4, P6, P8, PO8, PO4, O2 

<0.001 

2 225–400 ms 359, TP7 

Fp1, AF7, AF3, F1, F5, F7, FT7, FC5, FC3, FC1, 
C1, TP7, T7, C5, C3, CP5, CP3, CP1, CPz, Fpz, 
Fp2, AF8, AF4, AFz, Fz, F2, F4, F6, F8, FT8, 
FC6, FC4, FC2, FCz, Cz, C2, C4, C6, CP2 

<0.001 

3 61–244 ms 219, PO8 
P7, PO7, O1, Oz, F8, FT8, C6, T8, TP8, CP6, 
P6, P8, PO8, PO4, O2 

=0.002 

3.1. Effects of Training on Oscillatory Activity Indexing Auditory Processing 

In both paradigms, standard stimuli were associated with an increase in theta, alpha, 
beta, and gamma band power between 75 and 225 ms post-stimulus, which was typically 
largest over the mid frontal area (Figure 3). The effects of training on the theta power 
were examined for the 100–175 ms interval at frontal sites (F1, Fz, F2) using mixed model 
repeated measure ANOVA including paradigm (music, speech) and session as within-
subject factor, and group as between factor. The ANOVA yielded a main effect of session, 
F(1,47) = 8.67, p = 0.005, ηp2 = 0.156, with greater theta in the post- than in the pre-training 
session. The planned contrast between experimental group and active control group did 
not yield a significant group x session interaction, F(1,47) = 1.55, p = 0.219, ηp2 = 0.032. 
However, the contrast between active and passive control group yielded a significant 
group x session interaction, F(1,47) = 5.96, p = 0.018, ηp2 = 0.113. Pairwise comparisons 
revealed increased theta power at post-test in those who received music training (p = 0.010) 
or visual art training (p = 0.010). There was no significant difference between pre-test and 
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post-test in older adults from the control group (p = 0.776). The main effect of the paradigm 
was not significant (F < 1) (Figure 4). 
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Figure 4. Group mean theta power elicited by the standard stimuli during pre-training (Session 1) 
and post-training (Session 2). 
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The analysis of alpha power measured at mid-frontal areas (F1, Fz, F2) revealed a 
trend suggesting greater power at post- than at the pre-training session, F(1,47) = 4.04, 
p = 0.050, ηp2 = 0.079. The alpha power tended to be larger during the post-training session 
than the pre-training session in the experimental group compare to the active control 
group (group x session interaction: F(1,47) = 3.32, p = 0.075, ηp2 = 0.066). Similarly, alpha 
power tended to be larger at post-training in the active control group than in the passive 
control group (group x session interaction: F(1,47) = 3.15, p = 0.083, ηp2 = 0.063). Lastly, 
music stimuli generated greater alpha power than speech sounds, F(1,47) = 14.38, p < 0.001, 
ηp2 = 0.234). For beta power measured at frontal sites (F1, Fz, F2), the main effect of session 
was not significant (F < 1), nor was the interaction between session and group (F < 1 in 
both cases). However, music stimuli generated greater beta power than speech sounds, 
F(1,47) = 14.11, p < 0.001, ηp2 = 0.231. Similarly, for the gamma power measured at frontal 
sites (F1, Fz, F2), the main effect of session was not significant nor was the interaction 
between session and group. Music stimuli generated greater gamma responses than speech 
sounds, F(1,47) = 13.89, p < 0.001, ηp2 = 0.228). 

Overall, our results showed increased theta power associated with processing standard 
music and speech stimuli during the post-training session for those who received music 
and visual art training as compared to controls. While alpha increased for those in the 
music group as compared to the visual art group, both training groups demonstrated 
increased alpha power when compared to controls. Lastly, music stimuli generated greater 
alpha, beta, and gamma responses than speech sounds. 

3.2. Brain Oscillations Indexing Automatic Deviance Detection: Pre-Training 

We first compared oscillatory brain activity elicited by the standard and deviant 
sounds from the music and speech oddball paradigms among all participants (Figure 5). 
For the music paradigm, the processing of the standard and deviant stimuli was associated 
with oscillatory-evoked activity in the theta, alpha, and beta band between 80 and 220 ms 
post-stimulus. The contrast between oscillatory activity elicited by deviant and standard 
stimuli revealed lower theta power (4–8 Hz) for the deviant than standard stimuli over the 
frontocentral scalp areas, which was accompanied by enhanced theta power over the right 
temporal cortex (Table 3). There was no difference between standard and deviant stimuli 
for alpha power. Deviant stimuli yielded lower beta power than standard stimuli over the 
frontal scalp areas (Table 3). There was no difference in gamma power elicited by deviant 
and standard stimuli. 
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For the speech oddball paradigm, processing of standard and deviant speech sounds 
was associated with enhanced evoked oscillatory activity in theta, alpha, and beta band 
between 60 and 300 ms post-stimulus. The clustered-based permutation statistic revealed 
greater theta power for deviant than standard stimuli over right fronto-temporal-parietal 
cortex and over the left parietal cortex (Table 3). Occasional deviant speech sounds also 
generated greater alpha power than frequent speech stimuli. There was no difference 
in beta power between deviant and standard stimuli. Lastly, deviant speech sounds 
generated enhanced gamma activity relative to standard sounds over the frontocentral 
scalp areas (Table 3). 

Table 3. Results from the clustered-statistic comparing oscillatory activity elicited by deviant and 

standard stimuli from the music and speech oddball paradigm before the intervention. 

Paradigms Frequency 
Band 

Cluster 
Difference 

Range Peak Electrodes p Values 

Music Theta 1; D > S 125–275 ms 175 ms, T8 FT8, T8, TP8 =0.009 

2; D < S 150–200 ms 175 ms, FCz FC1, FC2, FCz =0.032 

Alpha 

Beta 1 D < S 150–275 ms 225 ms, AFz AF3, AF4, AFz, Fz, F2 =0.014 

Gamma 

Speech Theta 1; D > S 75–275 ms 200 ms, POz Fp1, AF7, AF3, F1, F3, F5, 
FC5, FC3, P1, P3, PO3, O1, 
Oz, POz, Fpz, Fp2, AF8, AF4, 
AFz, Fz, F2, F4, F6, F8, FT8, 
FC6, C6, T8, TP8, CP6, P2, 
P4, P6, P8, PO8, PO4, O2 

<0.001 

2; D < S 175–225 ms 200 ms, FC1 FC3, FC1, FC2, FCz, C2, C4 =0.039 

Alpha 1; D > S 75–225 ms 200 ms, POz Fp1, AF7, AF3, F1, F3, F5, 
FC5, FC3, FC1, C1, TP7, T7, 
C5, C3, CP5, CP3, CP1, P1, 
P3, P5, P7, PO7, PO3, O1, Oz, 
POz, Fpz, Fp2, AF8, AF4, 
AFz, Fz, F2, F4, F6, F8, FT8, 
FC6, FC4, FC2, FCz, Cz, C2, 
C4, C6, T8, TP8, CP6, CP4, 
P4, P6, P8, PO8,PO4, O2 

<0.001 

Beta 

Gamma 1; D < S 75–225 ms 150 ms, P7 C3, CP3, CP1, P1, P3, P5, P7, 
POz, Pz 

=0.035 

3.3. Music Oddball Paradigm: Effects of Training on Deviance-Related Oscillatory Activity 

The contrast between oscillatory activity elicited by the deviant and standard stimuli 
revealed changes in theta, beta, and gamma bands. The effect of training on the mean theta 
power was examined for the 150–225 ms interval at frontocentral (FC1, FCz, FC2) and parietal-
occipital sites (PO3, POz, PO4). For the frontocentral region of interest (ROI), the ANOVA on 
the mean power yielded a main effect of session, F(1,47) = 15.46, p < 0.001, ηp2 = 0.248, and 
a significant session x stimulus type interaction, F(1,47) = 18.54, p < 0.001, ηp2 = 0.283. The 
session x stimulus type x group interaction was not significant, F(2,47) = 2.35, p = 0.106, 
ηp2 = 0.091. For the right temporal ROI, the ANOVA yield a main effect of stimulus type, 
F(1,47) = 21.23, p < 0.001, ηp2 = 0.311. No other main effect or interactions were significant. 
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The effects of training on deviance-related changes in beta power was examined for 
the 175–250 ms interval over the anterior frontal scalp areas (AF3, AFz, AF4). The main 
effect of stimulus type was significant, F(1,47) = 6.12, p = 0.017, ηp2 = 0.115. The main effect 
of session was not significant, F(1,47) = 2.38, p = 0.130, ηp2 = 0.057, nor was the session x 
stimulus x group interaction (F < 1). The session x stimulus type interaction trended toward 
significance, F(1,47) = 3.77, p = 0.058, ηp2 = 0.074. Thus, changes in oscillatory activity do 
not appear to be affected by music or visual art training. 

3.4. Speech Oddball Paradigm: Effects of Training on Deviance-Related Oscillatory Activity 

The contrast between oscillatory activity elicited by the deviant and standard speech 
sounds revealed changes in theta, alpha, and gamma band. The effect of training on the 
mean theta power was examined for the 150–225 ms interval at frontocentral (FC1, FCz, 
FC2) and parietal-occipital sites (PO3, POz, PO4). For the frontocentral ROI, the ANOVA 
yielded a main effect of stimulus type, F(1,47) = 6.13, p = 0.017, ηp2 = 0.115. No other 
main effect or interactions were significant. For the parietal-occipital ROI, the ANOVA also 
yielded a main effect of stimulus type, F(1,47) = 5.09, p = 0.029, ηp2 = 0.098. The main effect 
of session was not significant, F(1,47) = 1.31, p = 0.258, ηp2 = 0.027. There was a significant 
session x stimulus type interaction, F(1,47) = 9.05, p = 0.004, ηp2 = 0.161. The session x 
stimulus type x group was not significant (F < 1). 

The effects of training on deviance-related changes in alpha power were examined for 
the 150–225 ms interval over parietal-occipital (PO3, POz, PO4) area. There was a main 
effect of stimulus type, F(1,47) = 19.24, p < 0.001, ηp2 = 0.290. No other main effects or 
interactions were significant. The effects of training on deviance-related changes in gamma 
band activity were assessed for the 100–175 ms interval over the left parietal area (P3, P5, 
P7). The main effect of stimulus type was significant, F(1,47) = 5.07, p = 0.029, ηp2 = 0.097. 
No other main effect or interactions were significant. These data showed differences for 
stimulus type; however, music and visual art training did not significantly modulate theta, 
alpha, or gamma power. 

3.5. Follow-Up 

A subset of participants from the music (n = 14) and visual art (n = 13) training groups 
took part in a three-month, post-training follow-uptime-point. Here, we tested whether 
the enhanced theta power following music and visual art training was long-lasting. In 
Figure 6, the top panel shows the group means theta power elicited by the standard stimuli 
as a function of the session. The analysis revealed a main effect of session, F(2,50) = 9.195, 
p < 0.001, ηp2 = 0.269). The pairwise comparison revealed enhanced theta power at post-
test and follow-up relative to pre-test (p < 0.01 in both cases). There was no significant 
difference between post-test and follow-up (p = 0.198). The interaction between group 
and session was not significant (F < 1). The analysis also revealed a significant interaction 
between paradigm and session, F(2,50) = 9.70, p < 0.001, ηp2 = 0.280. For the music stimuli, 
theta power increased significantly between the pre-training and post-training, and then 
showed little changes in power. For the speech sounds, theta power increased slightly 
from pre-training to post-training, but then showed a more pronounced increase between 
post-training and follow-up session (Figure 5 bottom panel). 
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4. Discussion 

The present study aimed to examine the causal effects of music and visual art training 
on neural oscillations in older adults. Critically, groups did not differ in automatic change 
detection at pre-test, as evidenced by their similar MMN and time-frequency responses 
before training. 

To examine intervention effects, we analyzed the change between pre- and post-
training oscillatory power. Time-frequency analysis revealed differences in theta power 
elicited by piano tones for those who completed music or visual art training compared to 
controls. These increases were found in early sensory processing around 100–175 ms at 
frontal electrodes. These results are consistent with research in children [11,13], and extend 
our understanding of neural plasticity after music or art training to the aging brain. 

Aging is often associated with reductions in theta recruitment when compared to 
younger adults [49]. Theta oscillations in mid-frontal regions have been associated with 
cognitive control and “chunking” of novel perceptual auditory information [4,50]. Due 
to the novelty of the harmonic stimuli (i.e., piano tones), it is possible that participants 
allocated attention to the unfamiliar piano tones. Prior work suggests that theta indexes 
goal-directed responses. In the present study, changes in theta power may reflect a release 
from habituation through a process of phase resetting, which may capture attention [22] 
and engage cognitive control mechanisms [50]. 

In addition to theta oscillations, we found differences in alpha power for those who 
received music or visual art training as compared to controls. Most notably alpha was more 
prominent for the music condition as compared to the speech condition. Alpha oscillations 
have been associated with selective suppression of task-irrelevant information [51]. Studies 
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comparing different modalities (e.g., visual, auditory, audio-visual oddballs) found that 
young adults were able to ignore irrelevant visual information contributing to auditory 
attention, which resulted in continuous alpha phase oscillations [52]. Participants in the 
present study watched a silent video while passively listening (no response required) to 
piano tones or speech sounds. While theta and alpha oscillations are associated with 
attention allocation with respect to sensory stimuli, oscillatory activity in these frequencies 
may include different mechanisms that may be influenced by learning. One possibility 
is that alpha may index sensory processing of distracting information, and oscillatory 
activity in the theta band may contribute to other areas of brain function through resetting 
attention [52,53]. 

Older adults in the current study may have allocated additional cognitive resources to 
process novel stimuli in the pitch condition as compared to the speech condition. To recruit 
additional cognitive resources, adults needed to suppress the processing of task-irrelevant 
stimuli (e.g., a silent movie) while passively completely the auditory oddball tasks. This 
explanation aligns with other research accounts, which suggest the need to ignore visual 
surroundings in a continuous manner to enhance the processing of auditory sequences [52]. 

Music and visual art training may have enhanced or contributed to the deployment 
of cognitive resources that allowed for higher neural efficiency post-training. Sensory 
processing, common to both general music and visual art training, could build additional 
scaffolding necessary to assist with attentional processing [54]. In addition, increases 
in neural efficiency were maintained at the follow-up time point, demonstrating that 
these interventions may contribute to enhance cognitive and sensory processing. Data are 
consistent with other studies in adults that suggest neural oscillatory activity relates to 
the strength of memories formed in learning [55,56]. Furthermore, our findings related 
to increases in theta are consistent with other studies examining sequence processing in 
music [30,31] and those related to focused attention in meditation [57]. 

Our data showed enhancement of theta during the pitch condition but suppression of 
theta for the speech condition. This finding may be related to acoustic differences between 
the piano and the speech sounds, including harmonic structure, formant, and envelope. 
Positive suppression is also supported in the literature on frontal-medial theta oscillations 
associated with the automatic processing of stimuli to prevent unnecessary attention 
allocation [58]. Early suppression of theta has been reported in older adults for visual 
memory processing linked to inhibitory control [59]. One explanation is that age-related 
reduction in processing speed delay the selection of irrelevant information causing more 
attention allocation at the onset of stimuli to irrelevant distracting information, resulting in 
early suppression of theta activity. Research suggests a link between the N1 latency and 
P1 amplitude and the suppression of theta [59]. Indeed, we previously showed significant 
differences in N1 and P1 amplitude after music and visual art training in the same set of 
listeners [43]. 

4.1. Limitations 

This study had some limitations. First, there was a relatively small number of partic-
ipants allocated to each group. Future studies should consider a larger sample size that 
reflects the diversity of the population. In addition, in the present study our groups were 
comprised of a large percentage of female participants. Therefore, it is important to balance 
biological sex and gender in subsequent studies. Finally, our study included short-term 
(three-month) arts-based interventions. Long-term music and visual art interventions may 
yield stronger and longer-lasting effects on cognition and quality of life. 

4.2. Future Research 

As mentioned above, future studies should consider recruiting a larger, more diverse 
sample of older adults to examine the effects of arts-based interventions at different time 
points. Researchers may also consider examining neural responses to arts-based interven-
tions stratified by age to determine if responses differ throughout the lifespan. In addition, 
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the inclusion of standardized cognitive measures and time-frequency responses will enable 
researchers to clarify the role of modulated neural activity in arts-based learning. 

5. Conclusions 

Our data extend prior work by further suggesting neural oscillation phase synchro-
nization can index learning associated with music and visual art training. Older adults 
who completed both training regimens demonstrated enhancements in theta power as 
compared to controls for pitch and speech stimuli. These data provide important new 
evidence of neuroplasticity and mechanisms associated with learning music or visual arts 
in aging adults. Changes in theta and beta rhythms increased post-training as compared to 
controls and were sustained three months post-training. 

While further studies are needed to elucidate the specific relationship between neural 
oscillations and different perceptual-cognitive mechanisms of learning, our findings suggest 
phase modulations may offer a novel approach to understanding how neural networks 
respond to interventions for rehabilitation of older adults. 

Author Contributions: Conceptualization, S.M. and C.A.; data acquisition, G.M.B.; formal analysis, 
D.S., J.L., J.A.B. and C.A., writing—original draft preparation, J.A.B. and C.A. All authors have read 
and agreed to the published version of the manuscript. 

Funding: This research was supported by a grant (MOP 106619) from the Canadian Institutes of Health 
Research (CIHR) to Claude Alain, the Ministry of Economic Development and Innovation of Ontario to 
Sylvain Moreno, the Natural Sciences and Engineering Research Council (RGPIN-06196-2014 to SM), 
the National Institute on Deafness and Other Communication Disorders of the NIH (R01DC016267) 
to G.M.B, the Project of Science and Technology Department of Sichuan Province (2021YFS0135) 
to Jing Lu. We would also like to thank the Ben and Hilda Katz Foundation for their support to 
Jennifer A. Bugos. 

Institutional Review Board Statement: The experimental protocol REB 13-51, Cognitive Effects of 
Music-Based Training in Aging, was approved by the Human Research and Ethics Committee (REB) 
at Baycrest Centre, Toronto, Ontario, Canada. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study. 

Data Availability Statement: Data can be found at https://osf.io/kuheq/ (accessed on 4 August 2022). 

Acknowledgments: We would like to thank Aline Moussard for her assistance with data collection. 
We would like to thank our music and visual art teachers, Donna Takacs and the Royal Conservatory 
of Music, Madeline Chan, Courtney Smith, Buddhika Bellana, Tristan Watson, as well as all the 
participants in our study. 

Conflicts of Interest: The authors declare no conflict of interest. 

Abbreviations 

The following abbreviations are used in this manuscript: 
ERP Event-related potentials 
EEG Electroencephalography 
MMN Mismatched Negativity 
TSE Temporal-Spectral Evolution 

References 

1. Kraus, N.; Chandrasekaran, B. Music training for the development of auditory skills. Nat. Rev. Neurosci. 2010, 11, 599–605. 
[CrossRef] [PubMed] 

2. Sedley, W.; Gander, P.E.; Kumar, S.; Kovach, C.K.; Oya, H.; Kawasaki, H.; Howard, M.A.; Griffiths, T.D. Neural signatures of 
perceptual inference. eLife 2016, 5, e11476. [CrossRef] [PubMed] 

3. Ruiz, M.H.; Koelsch, S.; Bhattacharya, J. Decrease in early right alpha band phase synchronization and late gamma band 
oscillations in processing syntax in music. Hum. Brain Mapp. 2008, 30, 1207–1225. [CrossRef] [PubMed] 

4. Yurgil, K.A.; Velasquez, M.A.; Winston, J.L.; Reichman, N.B.; Colombo, P.J. Music Training, Working Memory, and Neural 
Oscillations: A Review. Front. Psychol. 2020, 11, 266. [CrossRef] [PubMed] 

https://osf.io/kuheq/
http://doi.org/10.1038/nrn2882
http://www.ncbi.nlm.nih.gov/pubmed/20648064
http://doi.org/10.7554/eLife.11476
http://www.ncbi.nlm.nih.gov/pubmed/26949254
http://doi.org/10.1002/hbm.20584
http://www.ncbi.nlm.nih.gov/pubmed/18571796
http://doi.org/10.3389/fpsyg.2020.00266
http://www.ncbi.nlm.nih.gov/pubmed/32153474


Brain Sci. 2022, 12, 1300 15 of 16 

5. Friston, K. A theory of cortical responses. Philos. Trans. R. Soc. B Biol. Sci. 2005, 360, 815–836. [CrossRef] [PubMed] 
6. Vuust, P.; Witek, M.A.G. Rhythmic complexity and predictive coding: A novel approach to modeling rhythm and meter perception 

in music. Front. Psychol. 2014, 5, 1111. [CrossRef] 
7. Teng, X.; Tian, X.; Doelling, K.; Poeppel, D. Theta band oscillations reflect more than entrainment: Behavioral and neural evidence 

demonstrates an active chunking process. Eur. J. Neurosci. 2017, 48, 2770–2782. [CrossRef] 
8. Buzsáki, G.; Draguhn, A. Neuronal Oscillations in Cortical Networks. Science 2004, 304, 1926–1929. [CrossRef] 
9. Boutorabi, S.Y.; Sheikhani, A. Evaluation of electroencephalogram signals of the professional pianists during iconic memory and 

working memory tests using spectral coherence. J. Med. Signals Sens. 2018, 8, 87–94. 
10. Sharma, V.V.; Thaut, M.; Russo, F.; Alain, C. Absolute Pitch and Musical Expertise Modulate Neuro-Electric and Behavioral 

Responses in an Auditory Stroop Paradigm. Front. Neurosci. 2019, 13, 932. [CrossRef] 
11. Carpentier, S.M.; Moreno, S.; McIntosh, A.R. Short-term Music Training Enhances Complex, Distributed Neural Communication 

during Music and Linguistic Tasks. J. Cogn. Neurosci. 2016, 28, 1603–1612. [CrossRef] [PubMed] 
12. Kraus, N.; Hornickel, J.; Strait, D.L.; Slater, J.; Thompson, E. Engagement in community music classes sparks neuroplasticity and 

language development in children from disadvantaged backgrounds. Front. Psychol. 2014, 5, 1403. [CrossRef] [PubMed] 
13. Moreno, S.; Lee, Y.; Janus, M.; Bialystok, E. Short-Term Second Language and Music Training Induces Lasting Functional Brain 

Changes in Early Childhood. Child Dev. 2014, 86, 394–406. [CrossRef] [PubMed] 
14. Tierney, A.T.; Krizman, J.; Kraus, N. Music training alters the course of adolescent auditory development. Proc. Natl. Acad. Sci. USA 

2015, 112, 10062–10067. [CrossRef] 
15. Tavor, I.; Botvinik-Nezer, R.; Bernstein-Eliav, M.; Tsarfaty, G.; Assaf, Y. Short-term plasticity following motor sequence learning 

revealed by diffusion magnetic resonance imaging. Hum. Brain Mapp. 2019, 41, 442–452. [CrossRef] 
16. Olszewska, A.M.; Gaca, M.; Herman, A.M.; Jednoróg, K.; Marchewka, A. How Musical Training Shapes the Adult Brain: 

Predispositions and Neuroplasticity. Front. Neurosci. 2021, 15, 630829. [CrossRef] 
17. Bidelman, G.M. Amplified induced neural oscillatory activity predicts musicians’ benefits in categorical speech perception. 

Neuroscience 2017, 348, 107–113. [CrossRef] 
18. Shahin, A.J.; Roberts, L.E.; Chau, W.; Trainor, L.J.; Miller, L.M. Music training leads to the development of timbre-specific gamma 

band activity. NeuroImage 2008, 41, 113–122. [CrossRef] [PubMed] 
19. Trainor, L.J.; Shahin, A.J.; Roberts, L.E. Understanding the benefits of musical training: Effects on oscillatory brain activity. 

Ann. N. Y. Acad. Sci. 2009, 1169, 133–142. [CrossRef] 
20. Jacobson, T.K.; Schmidt, B.; Hinman, J.R.; Escabí, M.A.; Markus, E.J. Age-related decrease in theta and gamma coherence across 

dorsal ca1 pyramidale and radiatum layers. Hippocampus 2015, 25, 1327–1335. [CrossRef] 
21. Schliebs, R.; Arendt, T. The cholinergic system in aging and neuronal degeneration. Behav. Brain Res. 2011, 221, 555–563. 

[CrossRef] [PubMed] 
22. Klimesch, W.; Freunberger, R.; Sauseng, P.; Gruber, W. A short review of slow phase synchronization and memory: Evidence for 

control processes in different memory systems? Brain Res. 2008, 1235, 31–44. [CrossRef] [PubMed] 
23. Winterling, S.L.; Shields, S.M.; Rose, M. Reduced memory-related ongoing oscillatory activity in healthy older adults. Neurobiol. 

Aging 2019, 79, 1–10. [CrossRef] [PubMed] 
24. Strunk, J.; James, T.; Arndt, J.; Duarte, A. Age-related changes in neural oscillations supporting context memory retrieval. Cortex 

2017, 91, 40–55. [CrossRef] 
25. Strunk, J.; Duarte, A. Prestimulus and poststimulus oscillatory activity predicts successful episodic encoding for both young and 

older adults. Neurobiol. Aging 2019, 77, 1–12. [CrossRef] 
26. Hsieh, L.-T.; Ekstrom, A.; Ranganath, C. Neural Oscillations Associated with Item and Temporal Order Maintenance in Working 

Memory. J. Neurosci. 2011, 31, 10803–10810. [CrossRef] 
27. Doelling, K.B.; Poeppel, D. Cortical entrainment to music and its modulation by expertise. Proc. Natl. Acad. Sci. USA 2015, 112, 

E6233–E6242. [CrossRef] 
28. Chang, A.; Bosnyak, D.J.; Trainor, L.J. Beta oscillatory power modulation reflects the predictability of pitch change. Cortex 2018, 

106, 248–260. [CrossRef] 
29. Chang, A.; Bosnyak, D.J.; Trainor, L.J. Rhythmicity facilitates pitch discrimination: Differential roles of low and high frequency 

neural oscillations. NeuroImage 2019, 198, 31–43. [CrossRef] 
30. Cheung, M.; Chan, A.S.; Liu, Y.; Law, D.; Wong, C.W.Y. Music training is associated with cortical synchronization reflected in EEG 

coherence during verbal memory encoding. PLoS ONE 2017, 12, e0174906. [CrossRef] 
31. Ruiz, M.H.; Maess, B.; Altenmüller, E.; Curio, G.; Nikulin, V. Cingulate and cerebellar beta oscillations are engaged in the 

acquisition of auditory-motor sequences. Hum. Brain Mapp. 2017, 38, 5161–5179. [CrossRef] [PubMed] 
32. Yu, C.; Li, Y.; Stitt, I.M.; Zhou, Z.C.; Sellers, K.K.; Frohlich, F. Theta Oscillations Organize Spiking Activity in Higher-Order Visual 

Thalamus during Sustained Attention. Eneuro 2018, 5. [CrossRef] [PubMed] 
33. Moran, R.J.; Campa, P.; Maestu, F.; Reilly, R.B.; Dolan, R.J.; Strange, B.A. Peak frequency in the theta and alpha bands correlates 

with human working memory capacity. Front. Hum. Neurosci. 2010, 4, 200. [CrossRef] [PubMed] 
34. Klimesch, W. EEG alpha and theta oscillations reflect cognitive and memory performance: A review and analysis. Brain Res. Rev. 

1999, 29, 169–195. [CrossRef] 

http://doi.org/10.1098/rstb.2005.1622
http://www.ncbi.nlm.nih.gov/pubmed/15937014
http://doi.org/10.3389/fpsyg.2014.01111
http://doi.org/10.1111/ejn.13742
http://doi.org/10.1126/science.1099745
http://doi.org/10.3389/fnins.2019.00932
http://doi.org/10.1162/jocn_a_00988
http://www.ncbi.nlm.nih.gov/pubmed/27243611
http://doi.org/10.3389/fpsyg.2014.01403
http://www.ncbi.nlm.nih.gov/pubmed/25566109
http://doi.org/10.1111/cdev.12297
http://www.ncbi.nlm.nih.gov/pubmed/25346534
http://doi.org/10.1073/pnas.1505114112
http://doi.org/10.1002/hbm.24814
http://doi.org/10.3389/fnins.2021.630829
http://doi.org/10.1016/j.neuroscience.2017.02.015
http://doi.org/10.1016/j.neuroimage.2008.01.067
http://www.ncbi.nlm.nih.gov/pubmed/18375147
http://doi.org/10.1111/j.1749-6632.2009.04589.x
http://doi.org/10.1002/hipo.22439
http://doi.org/10.1016/j.bbr.2010.11.058
http://www.ncbi.nlm.nih.gov/pubmed/21145918
http://doi.org/10.1016/j.brainres.2008.06.049
http://www.ncbi.nlm.nih.gov/pubmed/18625208
http://doi.org/10.1016/j.neurobiolaging.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/31026617
http://doi.org/10.1016/j.cortex.2017.01.020
http://doi.org/10.1016/j.neurobiolaging.2019.01.005
http://doi.org/10.1523/JNEUROSCI.0828-11.2011
http://doi.org/10.1073/pnas.1508431112
http://doi.org/10.1016/j.cortex.2018.06.008
http://doi.org/10.1016/j.neuroimage.2019.05.007
http://doi.org/10.1371/journal.pone.0174906
http://doi.org/10.1002/hbm.23722
http://www.ncbi.nlm.nih.gov/pubmed/28703919
http://doi.org/10.1523/ENEURO.0384-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29619407
http://doi.org/10.3389/fnhum.2010.00200
http://www.ncbi.nlm.nih.gov/pubmed/21206531
http://doi.org/10.1016/S0165-0173(98)00056-3


Brain Sci. 2022, 12, 1300 16 of 16 

35. Huizeling, E.; Wang, H.; Holland, C.; Kessler, K. Changes in theta and alpha oscillatory signatures of attentional control in older 
and middle age. Eur. J. Neurosci. 2021, 54, 4314–4337. [CrossRef] 

36. Nowak, K.; Costa-Faidella, J.; Dacewicz, A.; Escera, C.; Szelag, E. Altered event-related potentials and theta oscillations index 
auditory working memory deficits in healthy aging. Neurobiol. Aging 2021, 108, 1–15. [CrossRef] 

37. Crasta, J.E.; Thaut, M.H.; Anderson, C.W.; Davies, P.L.; Gavin, W.J. Auditory priming improves neural synchronization in 
auditory-motor entrainment. Neuropsychologia 2018, 117, 102–112. [CrossRef] 

38. Large, E.W.; Herrera, J.A.; Velasco, M.J. Neural Networks for Beat Perception in Musical Rhythm. Front. Syst. Neurosci. 2015, 9, 159. 
[CrossRef] 

39. Fujioka, T.; Ween, J.E.; Jamali, S.; Stuss, D.T.; Ross, B. Changes in neuromagnetic beta-band oscillation after music-supported 
stroke rehabilitation. Ann. N. Y. Acad. Sci. 2012, 1252, 294–304. [CrossRef] 

40. Fujioka, T.; Ross, B. Beta-band oscillations during passive listening to metronome sounds reflect improved timing representation 
after short-term musical training in healthy older adults. Eur. J. Neurosci. 2017, 46, 2339–2354. [CrossRef] 

41. Chang, A.; Bosnyak, D.J.; Trainor, L.J. Unpredicted Pitch Modulates Beta Oscillatory Power during Rhythmic Entrainment to a 
Tone Sequence. Front. Psychol. 2016, 7, 327. [CrossRef] [PubMed] 

42. Jamali, S.; Fujioka, T.; Ross, B. Neuromagnetic beta and gamma oscillations in the somatosensory cortex after music training in 
healthy older adults and a chronic stroke patient. Clin. Neurophysiol. 2014, 125, 1213–1222. [CrossRef] 

43. Alain, C.; Moussard, A.; Singer, J.; Lee, Y.; Bidelman, G.M.; Moreno, S. Music and visual art training modulate brain activity in 
older adults. Front. Neurosci. 2019, 13, 182. [CrossRef] 

44. Galuske, R.A.W.; Munk, M.H.J.; Singer, W. Relation between gamma oscillations and neuronal plasticity in the visual cortex. 
Proc. Natl. Acad. Sci. USA 2019, 116, 23317–23325. [CrossRef] [PubMed] 

45. Wallentin, M.; Nielsen, A.H.; Friis-Olivarius, M.; Vuust, C.; Vuust, P. The Musical Ear Test, a new reliable test for measuring 
musical competence. Learn. Individ. Differ. 2010, 20, 188–196. [CrossRef] 

46. Wechsler, D. Wechsler Abbreviated Scale of Intelligence, 2nd ed.; NCS Pearson: San Antonio, TX, USA, 2011. [CrossRef] 
47. Silverman, D. The Rationale and History of the 10-20 System of the International Federation. Am. J. EEG Technol. 1963, 3, 17–22. 

[CrossRef] 
48. Maris, E.; Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. J. Neurosci. Methods 2007, 164, 177–190. 

[CrossRef] 
49. Jabès, A.; Klencklen, G.; Ruggeri, P.; Antonietti, J.-P.; Lavenex, P.B.; Lavenex, P. Age-Related Differences in Resting-State EEG and 

Allocentric Spatial Working Memory Performance. Front. Aging Neurosci. 2021, 13, 704362. [CrossRef] 
50. Cavanagh, J.F.; Frank, M.J. Frontal theta as a mechanism for cognitive control. Trends Cogn. Sci. 2014, 18, 414–421. [CrossRef] 
51. Romei, V.; Gross, J.; Thut, G. On the Role of Prestimulus Alpha Rhythms over Occipito-Parietal Areas in Visual Input Regulation: 

Correlation or Causation? J. Neurosci. 2010, 30, 8692–8697. [CrossRef] 
52. Keller, A.S.; Payne, L.; Sekuler, R. Characterizing the roles of alpha and theta oscillations in multisensory attention. Neuropsychologia 

2017, 99, 49–63. [CrossRef] [PubMed] 
53. VanRullen, R.; Busch, N.A.; Drewes, J.; Dubois, J. Ongoing EEG Phase as a Trial-by-Trial Predictor of Perceptual and Attentional 

Variability. Front. Psychol. 2011, 2, 60. [CrossRef] [PubMed] 
54. Reuter-Lorenz, P.A.; Park, D.C. How Does it STAC Up? Revisiting the Scaffolding Theory of Aging and Cognition. Neuropsychol. 

Rev. 2014, 24, 355–370. [CrossRef] [PubMed] 
55. Clarke, A.; Roberts, B.M.; Ranganath, C. Neural oscillations during conditional associative learning. NeuroImage 2018, 174, 

485–493. [CrossRef] 
56. Rondina Ii, R.; Olsen, R.K.; Li, L.; Meltzer, J.A.; Ryan, J.D. Age-related changes to oscillatory dynamics during maintenance and 

retrieval in a relational memory task. PLoS ONE 2019, 14, e0211851. [CrossRef] 
57. Lee, D.J.; Kulubya, E.; Goldin, P.; Goodarzi, A.; Girgis, F. Review of the Neural Oscillations Underlying Meditation. Front. Neurosci. 

2018, 12, 178. [CrossRef] 
58. Kawamata, M.; Kirino, E.; Inoue, R.; Arai, H. Event-Related Desynchronization of Frontal-Midline Theta Rhythm during 

Preconscious Auditory Oddball Processing. Clin. EEG Neurosci. 2007, 38, 193–202. [CrossRef] 
59. Gazzaley, A.; Clapp, W.; Kelley, J.; McEvoy, K.; Knight, R.T.; D'Esposito, M. Age-related top-down suppression deficit in the early 

stages of cortical visual memory processing. Proc. Natl. Acad. Sci. USA 2008, 105, 13122–13126. [CrossRef] 

http://doi.org/10.1111/ejn.15259
http://doi.org/10.1016/j.neurobiolaging.2021.07.019
http://doi.org/10.1016/j.neuropsychologia.2018.05.017
http://doi.org/10.3389/fnsys.2015.00159
http://doi.org/10.1111/j.1749-6632.2011.06436.x
http://doi.org/10.1111/ejn.13693
http://doi.org/10.3389/fpsyg.2016.00327
http://www.ncbi.nlm.nih.gov/pubmed/27014138
http://doi.org/10.1016/j.clinph.2013.10.045
http://doi.org/10.3389/fnins.2019.00182
http://doi.org/10.1073/pnas.1901277116
http://www.ncbi.nlm.nih.gov/pubmed/31659040
http://doi.org/10.1016/j.lindif.2010.02.004
http://doi.org/10.1177/0734282912467756
http://doi.org/10.1080/00029238.1963.11080602
http://doi.org/10.1016/j.jneumeth.2007.03.024
http://doi.org/10.3389/fnagi.2021.704362
http://doi.org/10.1016/j.tics.2014.04.012
http://doi.org/10.1523/JNEUROSCI.0160-10.2010
http://doi.org/10.1016/j.neuropsychologia.2017.02.021
http://www.ncbi.nlm.nih.gov/pubmed/28259771
http://doi.org/10.3389/fpsyg.2011.00060
http://www.ncbi.nlm.nih.gov/pubmed/21716580
http://doi.org/10.1007/s11065-014-9270-9
http://www.ncbi.nlm.nih.gov/pubmed/25143069
http://doi.org/10.1016/j.neuroimage.2018.03.053
http://doi.org/10.1371/journal.pone.0211851
http://doi.org/10.3389/fnins.2018.00178
http://doi.org/10.1177/155005940703800403
http://doi.org/10.1073/pnas.0806074105

	Introduction 
	Predictive Coding Theory and Auditory Segmentation 
	Neural Oscillations in Aging 

	Materials and Methods 
	Participants 
	Procedure 
	Description of Training Programs 
	ERP Data Collection 
	EEG Time-Frequency Preprocessing 
	Statistical Analyses 

	Results 
	Effects of Training on Oscillatory Activity Indexing Auditory Processing 
	Brain Oscillations Indexing Automatic Deviance Detection: Pre-Training 
	Music Oddball Paradigm: Effects of Training on Deviance-Related Oscillatory Activity 
	Speech Oddball Paradigm: Effects of Training on Deviance-Related Oscillatory Activity 
	Follow-Up 

	Discussion 
	Limitations 
	Future Research 

	Conclusions 
	References



