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Abstract: Engaging in musical activities throughout the lifespan may protect against age-related
cognitive decline and modify structural and functional connectivity in the brain. Prior research
suggests that musical experience modulates brain regions that integrate different modalities of
sensory information, such as the insula. Most of this research has been performed in individuals
classified as professional musicians; however, general musical experiences across the lifespan may
also confer beneficial effects on brain health in older adults. The current study investigated whether
general musical experience, characterized using the Goldsmith Music Sophistication Index (Gold-
MSI), was associated with functional connectivity in older adults (age = 65.7 ± 4.4, n = 69). We
tested whether Gold-MSI was associated with individual differences in the functional connectivity
of three a priori hypothesis-defined seed regions in the insula (i.e., dorsal anterior, ventral anterior,
and posterior insula). We found that older adults with more musical experience showed greater
functional connectivity between the dorsal anterior insula and the precentral and postcentral gyrus,
and between the ventral anterior insula and diverse brain regions, including the insula and prefrontal
cortex, and decreased functional connectivity between the ventral anterior insula and thalamus (voxel
p < 0.01, cluster FWE p < 0.05). Follow-up correlation analyses showed that the singing ability subscale
score was key in driving the association between functional connectivity differences and musical
experience. Overall, our findings suggest that musical experience, even among non-professional
musicians, is related to functional brain reorganization in older adults.

Keywords: music; functional connectivity; insula; older adults

1. Introduction

Individuals show different trajectories in cognitive health during adult aging, with
some people maintaining cognitive function well into old age while others show decline [1,2].
Recent years have seen increasing interest in physically and mentally stimulating activities
that seemed to protect older adults from cognitive decline and neuropathology [3,4]. As a
complex cognitive task that integrates multisensory inputs and requires complex motor
outputs, musical activity, such as singing or playing an instrument, involves sensory,
motor, and cognitive systems [5]. Thus, musical activity can be seen as one type of mental
stimulation that might enhance cognitive health in older adults. Several reports have shown
direct benefits of deliberate musical practice in auditory and motor functions among older
adults [6–8]. While there is evidence that maintained sensory functions strongly link to
better cognitive function in later life [9,10], the potential long-transfer benefits from music to
higher level cognition is still mixed. A meta-analysis of transfer effects of musical experience
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in aging have shown effects of musical experience on domain-general cognitive functions
such as processing speed, attention, and episodic memory [11]. However, the modulation
of musical experience was not consistently observed across all cognitive domains [12,13],
which indicates a domain-specific effect. Moreover, a meta-analysis found a smaller effect
on cognition for music training with higher quality of study design [14]. Given these mixed
findings, it is important to investigate the neurobiological or physiological mechanisms
behind the musical experience, to further disentangle the relationship between musical
experience and behavioral function in later life. While these effects were studied with
some electrophysiological measures (e.g., brainstem coding of speech) [15], less is known
about the extent to which lifetime musical experience in non-musicians alters structural and
functional measures of brain connectivity, as quantified by magnetic resonance imaging
(MRI) in older adults.

Neuroimaging evidence revealed greater grey matter volume and functional con-
nectivity within and between auditory and motor systems for musicians compared to
non-musicians, or musicians with more music experience compared to those with less
experience [16–18]. Additionally, the effects of musical practice extend beyond unimodal
brain regions such as auditory or motor cortices. Musical experiences, such as playing a mu-
sical instrument, require the brain’s ability to combine information from multiple sensory
resources. As such, musical practice also involves multimodal processing, thus recruiting
brain regions that integrate multiple types of sensory information [19]. The insula is one of
the regions that integrates large scale sensory, motor, cognitive and affective processing
networks [20,21], and is hypothesized to be a key overlapping region between auditory
prediction and reward networks for music processing [22]. As a core node of the salience
network, the insula aids in the detection of salient events and interacts with other large scale
networks, thus facilitating the identification of internal and external stimuli [23]. The insula
is anatomically and functionally segregated into dissociable zones. Information integration
in the insula is thought to be self-organized in a posterior-to-anterior sequence, i.e., the
posterior insula integrates primary sensory information from the body while the anterior
insula represents subjective evaluation of these inputs [24,25]. Similarly, a meta-analysis has
summarized that the anterior parts of the insula are more specific to socio-emotional and
cognitive function, while middle and posterior insula are related to olfactory–gustatory and
sensorimotor systems [21]. Deen et al. (2011) revealed three sub-regions of the insula using
cluster analysis with distinct functional networks based on resting-state functional imaging
data: dorsal anterior insula, ventral anterior insula, and posterior insula, being related to
cognitive control, affective processing, and sensorimotor regions, respectively [26].

Several recent studies have found that musical experience might modulate the function
of the insula. Singers showed altered activation patterns in the right anterior insula com-
pared to non-singers while manipulating auditory feedback, which revealed the experience-
dependent modulation in insular function [27,28]. Insula function was also associated
with emotion reactions from music [29]. Musical experience also modulates functional
connectivity between the insula and other brain regions. Lordier et al. (2019) revealed the
effect of exposure to music on connectivity between the salience network and sensorimotor
networks, and between the salience network and thalamus and precuneus networks in
newborns [30]. Further, a previous study found that musicians showed greater functional
connectivity between the insula and a broad range of regions that involve salience detection,
executive control and affective processing, by seeding in the dorsal anterior, ventral anterior,
and posterior insula regions [31].

The insula was also associated with memory decline in older adults [32]. More-
over, it has been found to be a critical region in the early stages of dementia with Lewy
bodies [33,34]. As an overlapping region between the auditory and reward systems, the
insula is a core of the disrupted brain network in musical anhedonia [22]. This is supported
by seed-based functional connectivity from the same auditory and reward systems, which
show overlap in the anterior insula; this overlap was significantly decreased in Alzheimer’s
disease (AD) patients compared to age-matched individuals with mild cognitive impair-
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ment (MCI), who were relatively similar in functional connectivity to cognitively healthy
older adults [35]. Furthermore, a recent study found a positive association between insula
volume and musical training in the same sample of healthy older adults as used in the
current analysis [36]. Together, these findings suggest that the insula may be an important
neural mechanism in how musical experience influences behavioral function in later life.

Investigating the effect of lifetime musical experience on insula-based networks in
older adults may provide insight into understanding how music shapes information inte-
gration behaviors. Here, we used the Gold-MSI to characterize lifetime musical experience
in older adults [37]. The Gold-MSI is a simple survey that has been normed in over 141,000
individuals across the human lifespan. It contains questions not only on singing ability
and musical listening skills, but also on engagement in musical activities and emotional
responses to music, thus allowing us to capture multiple facets of musical behaviors and
expertise, in non-musicians [37]. We used this index to capture a musical profile for individ-
uals who were not recruited on the basis of professional musical training, but nonetheless
fall along a range of musical experience over the human lifespan.

The current study examined whether non-professional musical experiences (i.e., mu-
sical sophistication) influences functional connectivity in insula-based networks in older
adults. We tested the hypothesis that musical experience is associated with functional
connectivity of insula-based networks by relating seed-based functional connectivity in
resting-state functional MRI (fMRI) from seed regions of dorsal anterior, ventral anterior,
and posterior insula to individual differences in musical experience as quantified by the
Gold-MSI and its subscales.

2. Materials and Methods
2.1. Participants

All participants in the current study were healthy, relatively inactive older adults
who had previously participated in a randomized controlled trial of exercise effects on
cognition and brain health (https://clinicaltrials.gov/ct2/show/NCT01472744 (accessed
on 3 August 2021)). All imaging data and demographic information were taken from the
pre-intervention assessments (and therefore not influenced by the exercise intervention).
Participants provided written informed consent in accordance with the Institutional Review
Board of the University of Illinois at Urbana-Champaign. Inclusion criteria from the original
study were: (1) aged from 60 to 79; (2) scored 21 or higher on the Telephone Interview of
Cognitive Status (TICS-M) questionnaire; (3) corrected acuity of 20/40 or better for both
eyes and no diagnosis of color-blindness; (4) depression score on the Geriatric Depression
Scale (GDS-15) lower than 10; (5) right-handed; (6) no history of brain surgery that involved
removal of brain tissue; (7) no history of stroke or transient ischemic attack (TIA); (8) being
MRI-compatible.

Participants completed the Gold-MSI after completing a new consent form for this
measurement between 5 and 8 years after the pre-intervention imaging data. The Gold-MSI
questionnaire and a consent form were mailed to 214 participants, and 73 older adults
returned the questionnaire with completed data. The final sample in the current study
included 69 participants who had completed both the Gold-MSI questionnaire and the MRI
session (age = 65.70 ± 4.37; sex, male = 19, female = 50; years of education = 16.17 ± 2.65).
None of the participants were professional musicians but had a varied amount of musical
experience (see Figure 1). The median scores of the five subscales and the total are displayed
in Figure 1, along with the median of population norm (n = 147,633) for comparison.

https://clinicaltrials.gov/ct2/show/NCT01472744
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Figure 1. Musical score distribution of current sample compared against normed scores. Solid dots in
each violin plot are the median scores from the normed data from Müllensiefen et al., 2014.

2.2. The Goldsmiths Musical Sophistication Index Questionnaire

The Gold-MSI was administered to assess musical sophistication, which refers to
music-related behaviors, skills, and achievements [37]. Besides formal musical training
and knowledge, this instrument contains a broad range of facets of musical behavior and
experience, including musical skills, engagement, and emotional responses. As musical
sophistication is necessarily a multi-faceted domain, relating the overall score as well
as subscale scores of the Gold-MSI to brain connectivity patterns allows us to explore
individual differences in multiple aspects of musical experiences in the way they relate to
individual differences in brain structure and function. The questions in Gold-MSI include
five subscales as follows:

• Active Engagement

This is a 9-item subscale to assess musical engagement behaviors (e.g., “I keep track of
new music that I come across”), and the allocation of time and money on musical activities
(e.g., “I listen attentively to music for ____ hours per day).

• Perceptual Ability

This is a 9-item subscale for self-reported perceptual ability in music, most of which
are related to music listening skills (e.g., “I can tell when people sing or play out of tune”).

• Musical Training

This is a 7-item subscale asking about the extent of musical training and practice
(e.g., “I engaged in regular daily practice of a musical instrument including voice for ____
years”), and the degree of self-assessed musicianship (e.g., “I would not consider myself a
musician”).

• Emotion

This is a 6-item subscale to assess behaviors related to emotional responses to music
(e.g., “I am able to talk about the emotions that a piece of music evokes in me”).

• Singing Ability

This is a 7-item subscale for self-reported skills and activities related to singing (e.g.,
“After hearing a new song two or three times I can usually sing it by myself”).

In the current analysis, we examined the association between the music composite
score (i.e., the sum of all five subscale scores) and the insula-based functional connectivity
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across the whole brain. We then examined the correlations between insula-based functional
connectivity and scores on all five subscales, as a follow-up analysis to identify any specific
aspects of musical experiences that might influence insula-based functional connectivity
more than others.

2.3. Imaging Data Acquisition

Participants were scanned using a 3 Tesla Siemens Trio Tim system. High-resolution T1-
weight structural data were acquired using a 3D MPRAGE (Magnetization Prepared Rapid
Gradient Echo Imaging) sequence. The parameters were: repetition time (TR) = 1900 ms,
echo time (TE) = 2.32 ms, inversion time (TI) = 900 ms, flip angle = 9◦, FoV = 230 mm,
resolution = 0.9 × 0.9 × 0.9 mm, GRAPPA acceleration factor = 2). T2*-weight resting state
data were acquired using a fast echo-planar imaging (EPI) sequence. The parameters were:
6 min of duration, TR = 2 s, TE = 25 ms, flip angle = 80◦, 3.4 × 3.4 mm2 in-plane resolu-
tion, 35 4 mm thick slices acquired in ascending order, GRAPPA acceleration factor = 2,
64 × 64 matrix).

2.4. Data Analysis
2.4.1. Data Preprocessing

The preprocessing of the resting state functional connectivity data was performed
using the default preprocessing pipeline in the CONN-toolbox v. 20c [38], which is based on
Statistical Parametric Mapping (SPM) v.12 (https://www.fil.ion.ucl.ac.uk/spm/software/
spm12/ (accessed on 27 May 2021)) and MATLAB v. 2020b (The MathWorks, Natick, MA,
USA). The processing pipeline includes functional realignment and unwarping, slice-timing
correction, outlier identification, functional smoothing, segmentation and normalization.
Images were segmented into grey matter, white matter, and CSF tissue, and normalized
into Montreal Neurological Institute (MNI) space. Finally, all images were smoothed using
a 6 mm Gaussian kernel. The outlier identification flagged acquisition with framewise dis-
placement above 0.9 mm or global BOLD signal changes above 5 s.d. thresholds as potential
outliers. The default denoising pipeline in CONN included linear regression of potential
confounding effects and temporal band-pass filtering. An anatomical component-based
noise correction procedure (aCompCor) was implemented for reduction of noise [39], and
the noise components included cerebral white matter and cerebrospinal areas, estimated
subject-motion parameters, scrubbing, and constant and first-order linear session effects.
One participant was removed from the final analysis because of observation of potential
clinical neuropathology in brain structure. Two other participants were removed from the
final analysis because of having more than 40 scans flagged as outliers. This criteria was
decided based on having at least 5 min of scanning time for resting state [40].

2.4.2. Seed-to-Voxel Analysis

Three a priori regions of interests (ROIs) within the insula were defined based on a
previous cluster analysis, which divided the insula into dorsal anterior, ventral anterior
and posterior regions [26], shown in Figure 2. The mean time-series within each ROI
were computed and correlated with the time-series in each voxel of the whole brain
and converted to normally distributed z-scores using Fisher transformation. The effect
of general Gold-MSI score, controlling for age, sex, educational level and mean motion
included as covariates was assessed in a second-level general linear model, and significant
clusters were determined using a height-level statistical threshold of p < 0.01 and a cluster
threshold of p < 0.05 family-wise effort (FWE)-corrected.

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/


Brain Sci. 2022, 12, 1577 6 of 15

Brain Sci. 2022, 12, 1577 6 of 16 
 

 

Figure 2. Region of interest (seeds) in bilateral dorsal (red), ventral anterior (orange) and posterior 

(yellow) insula. 

2.4.3. Behavioral Data Correlation Analysis 

As a follow-up analysis to see which specific facets of musical experience were asso-

ciated with functional connectivity, we conducted pairwise correlations between the 

above Fisher-transformed z-scores of the Pearson correlation coefficient between the clus-

ters and seeds, and the Gold-MSI subscale scores of Active Engagement, Perceptual Abil-

ity, Musical Training, Emotion, and Singing Ability. 

3. Results 

3.1. The Association between Musical Experience and Insula Seed Functional Connectivity 

The seed-to-voxel analysis revealed that general Gold-MSI scores were positively as-

sociated with insula seed-based functional connectivity. When seeding the bilateral dorsal 

anterior insula, participants with higher Gold-MSI scores showed greater functional con-

nectivity between this region and a significant cluster in the precentral and postcentral 

gyri (Figure 3a). When seeding the bilateral ventral anterior insula, higher Gold-MSI 

scores were positively associated with functional connectivity between this region and the 

right insula (Figure 3b) and right inferior frontal gyrus (Figure 3b), and negatively associ-

ated with functional connectivity between this region and a significant cluster in the thal-

amus (Figure 3c). The posterior insula seed did not reveal any significant associations. The 

resulting clusters are displayed in Figure 3a,b and Table 1.  

Figure 2. Region of interest (seeds) in bilateral dorsal (red), ventral anterior (orange) and posterior
(yellow) insula.

2.4.3. Behavioral Data Correlation Analysis

As a follow-up analysis to see which specific facets of musical experience were associ-
ated with functional connectivity, we conducted pairwise correlations between the above
Fisher-transformed z-scores of the Pearson correlation coefficient between the clusters and
seeds, and the Gold-MSI subscale scores of Active Engagement, Perceptual Ability, Musical
Training, Emotion, and Singing Ability.

3. Results
3.1. The Association between Musical Experience and Insula Seed Functional Connectivity

The seed-to-voxel analysis revealed that general Gold-MSI scores were positively
associated with insula seed-based functional connectivity. When seeding the bilateral
dorsal anterior insula, participants with higher Gold-MSI scores showed greater functional
connectivity between this region and a significant cluster in the precentral and postcentral
gyri (Figure 3a). When seeding the bilateral ventral anterior insula, higher Gold-MSI scores
were positively associated with functional connectivity between this region and the right
insula (Figure 3b) and right inferior frontal gyrus (Figure 3b), and negatively associated
with functional connectivity between this region and a significant cluster in the thalamus
(Figure 3c). The posterior insula seed did not reveal any significant associations. The
resulting clusters are displayed in Figure 3a,b and Table 1.

Table 1. Insula seed functional connectivity clusters associated with musical score.

Seed Cluster Size
(Voxel)

Peak
Coordinates Regions

Bilateral dorsal
anterior insula 284 32 −6 48 Right precentral gyrus, right

postcentral gyrus

Bilateral ventral
anterior insula

588 32 6 12
Right insula, right inferior frontal gyrus,

right frontal operculum cortex, right
central opercular cortex, right putamen

287 −6 30 52 Bilateral superior frontal gyrus

279 −14 −36 4 Bilateral thalamus
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ventral anterior insula seed.

3.2. Correlation between Seed-Based Functional Connectivity and Gold-MSI Subscale Scores

To minimize the number of correlation analyses we performed in our exploratory
analysis of the subscales, the effect sizes (i.e., R2) were checked for all pairs of correlation
between bilateral seeds and clusters in Table 1 and compared between left and right insular
seeds. The coefficients of the seed (i.e., either left or right) and cluster correlation with a
greater effect size were extracted from CONN. From Figure 4a, the analysis showed that the
right dorsal anterior insula was driving the effect (i.e., having a larger effect size than the
left dorsal anterior insula) of musical sophistication on seed-based functional connectivity
(β = 0.0027, R2 = 0.16), the right ventral anterior insula was driving the effect of musical
sophistication on seed-based functional connectivity with the cluster in the right insula,
right inferior frontal gyrus and right frontal operculum regions (β = 0.0024, R2 = 0.26), and
the left ventral anterior insula was driving the effect of musical sophistication on seed-based
functional connectivity with the two other clusters in superior frontal gyrus (β = 0.0036,
R2 = 0.24) and thalamus (β = −0.0039, R2 = 0.29). Therefore, four Fisher-transformed z-
scores of correlation coefficients were extracted between the seed, which was driving the
effect and the corresponding clusters.

Correlation analyses between the z-scores and five musical subscale scores were
performed in order to see which subscales of the Gold-MSI might be driving the effect,
with Bonferroni correction (p < 0.01) for multiple comparison across five musical subscales.
As shown in Figure 4b, Active Engagement and Perceptual Ability subscale scores were
both correlated with the functional connectivity between the ventral anterior insula and the
right insula cluster, right inferior frontal region, and thalamus. Musical training scale was
only correlated with the functional connectivity between the right ventral anterior insula
and superior frontal region. The Emotion subscale did not correlate with any insula-based
functional connectivity. The Singing Ability score was correlated with all insula-based
functional connectivity and showed the greatest effect sizes out of all subscales on each
pair of correlations between music scores and functional connectivity (Figure 4b). Thus, the
effect of musical sophistication on insula-based functional connectivity might be driven
by the Singing Ability score. To follow up on this, we looked specifically at the insula-
based functional connectivity that showed a significant association with the Singing Ability
subscale score.
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tion table between seed functional connectivity and music subscale scores. In (a) and (b), vAI_InfFront
refers to the functional connectivity between bilateral ventral anterior insula seed and right insula
cluster, right inferior frontal region and frontal operculum, and vAI_R_InfFront refers to the connec-
tivity result from the right anterior insula; vAI_Supe refers to the functional connectivity between
bilateral ventral anterior insula seed and bilateral superior frontal gyrus cluster, and vAI_L_Supe
refers to the connectivity result from the left ventral anterior insula; vAI_Thalamus refers to the func-
tional connectivity between bilateral ventral anterior insula seed and bilateral thalamus cluster, and
vAI_L_Thalamus refers to the connectivity result from the left ventral anterior insula; dAI_Precentral
refers to the functional connectivity between bilateral dorsal anterior insula seed and precentral and
postcentral gyrus cluster, and dAI_R_Precentral refers to the connectivity result from the right dorsal
anterior insula. In (b), dots show the significant correlation pairs. Positive correlations are shown in
red and negative correlations are shown in blue. Size of dots corresponds to effect size. (c) Seed-based
functional connectivity from ventral anterior insula associated with score on singing ability.

3.3. The Association between Singing Ability and Insula Seed Functional Connectivity

The seed-to-voxel follow-up exploratory analysis revealed that higher scores in the
Singing Ability subscale were associated with insula seed-based functional connectivity
(voxel p < 0.001, FWE cluster p < 0.05). When seeding in the ventral anterior insula,
participants with higher singing ability scores showed greater functional connectivity
between the seed ROIs and the right insula, the right supplementary motor cortex, and
left superior frontal gyrus (Table 2). No significant association was observed between
singing ability and functional connectivity when seeding in the dorsal anterior insula and
the posterior insula.
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Table 2. Insula seed functional connectivity clusters associated with singing ability score.

Seed Cluster Size
(Voxel)

Peak
Coordinates Regions

Ventral anterior
insula

126 42 −2 2 Right insula cortex, right planum polare,
right central opercular cortex

89 6 2 62 Right supplementary motor cortex

82 −18 −2 64
Left superior frontal gyrus, left

supplementary motor cortex, left
precentral gyrus

4. Discussion

The current research examined the effect of lifespan musical experiences on the resting
functional connectivity of the insula among older adults with a varied range of musical
experience. Based on the literature reviewed in the introduction, the insula was divided
into three pairs of ROIs: dorsal anterior, ventral anterior, and posterior insula. Results
showed a functional distinction between dorsal vs. ventral anterior insula seed regions
in their respective associations with musical sophistication. Older adults who had higher
Gold-MSI scores showed greater functional connectivity from the dorsal anterior insula
to the precentral and postcentral gyri, and from the ventral anterior insula to the right
insula, right inferior frontal gyrus (IFG), right frontal operculum, bilateral superior frontal
gyrus, and bilateral thalamus. Thus, musical sophistication showed differential patterns of
associations with dorsal and ventral anterior insula-based functional connectivity.

The findings of different patterns of associations between dorsal and ventral ante-
rior insula may support different clusters of insular functional connectivity as identified
in previous literature [26]; furthermore, they pointed to distinct patterns of interaction
with lifestyle activities such as musical training. While results from Deen et al. (2011)
showed that both the dorsal and ventral anterior insula were heavily connected to midline
structures such as the cingulate cortex [26], here we see that their interaction with musical
experience reveals more of a specific pattern of functional connectivity between the motor
and sensorimotor cortices and the bilateral dorsal anterior insula, whereas the ventral ante-
rior insula was more specifically associated with right IFG and inversely associated with
subcortical structures that had not been previously reported. Specific follow-up analyses
on subscales scores of the Gold-MSI suggested that the functional connectivity between
the bilateral ventral anterior insula and cognitive and motor-planning-related regions (i.e.,
the supplementary motor cortex and superior frontal gyrus) were driven by self-reported
singing ability. In this way, musical experiences may offer a window into these different
functional connectivity patterns and how they may differentially be affected by lifestyle
activities in old age.

The correlation between musical subscale scores and extracted connectivity coefficients
suggested that while singing ability was the subscale that specifically interacted with seed-
based connectivity from the ventral anterior insula, the effect of music on insula-based
functional connectivity was not limited to a single aspect of music, but across a number of
facets of musical experience including active engagement, musical training, and singing
ability, and to a lesser extent on perceptual ability. These findings are broadly consistent
with past studies that have found some benefits of music on perception, cognition, and
mental health [23], as well as grey matter volume [36], in older adults. The absence of effect
of emotional response to music on insula-based functional connectivity might be because
we observed little variability on this subscale score (Figure 1).

The current study found an association between musical experience and connectiv-
ity between the right dorsal anterior insula and superior part of precentral gyrus, which
is in the hand motor area [41], and the postcentral gyrus, which serves somatosensory
function [42]. However, no effect of musical experience was found on connectivity be-
tween posterior insula and sensorimotor regions. It might seem to be unintuitive when
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considering the findings that the posterior insula was specific to the sensorimotor network
while the dorsal anterior insula was associated with the cognitive control network [21,26].
However, the anterior insula also plays a role in sensorimotor function. The anterior insula
is a key hub in the bottom-up and top-down regulation between sensory information
input and cognitive control networks according to Menon and Uddin’s model [23]. An
event-related potentials (ERP) study also found prefrontal N1 and P1 components origi-
nating from the anterior insula were associated with integrating visual inputs and motor
action [43]. Moreover, the anterior insula was also involved in the inhibition of impulsive
motor behavior [44]. Therefore, rather than representation of primary sensorimotor infor-
mation, anterior insula could also be involved in the interaction between sensorimotor
systems and higher-order cognitive systems (e.g., cognitive control), which may benefit
from musical experience.

A relationship between musical experience was also found for the functional connec-
tivity between the right ventral anterior insula and a cluster in the right anterior insular
region, right inferior frontal, and nearby right frontal operculum. This is in accordance
with the functional connectivity network of the ventral anterior insula in the original
cluster analysis which defined the three insula regions of interest [26]. The right inferior
frontal gyrus has been suggested to support cognitive control processing, such as switch-
ing attention between different task demands and inhibiting a prepotent response [45,46].
The right anterior insula, inferior frontal gyrus, and frontal operculum were also found
to support detection and responses to salient stimuli, and adaption across different task
demands through the ventral attention system [47,48]. Additionally, the inferior frontal
cortex, including the inferior frontal gyrus, anterior insula, and frontal operculum, were
involved when detecting dissonant stimuli during music listening [49]. Taken together,
musical experience may modulate the tightly coupled network of regions spanning the
anterior insula to the inferior frontal cortex, and therefore strengthen control processing in
older adults.

The bilateral ventral anterior insula showed musical-experience-related increased func-
tional connectivity with the superior frontal gyrus but decreased functional connectivity
with posterior thalamus, while the left ventral anterior insula had a larger effect size than the
right. The posterior thalamus cluster is close to the medial geniculate body (MGB), which
is part of the subcortical auditory pathway [50,51]. Resting-state functional connectivity in
the posterior thalamus is also associated with the primary auditory cortex [52], suggesting
its role in auditory processing. The potential effect of music on the auditory system is
also consistent with longitudinal evidence from an intervention study [53]. Meanwhile,
the superior frontal gyrus is involved in executive control function [54,55]. Specifically,
the cluster is in the anterior part of the superior frontal gyrus, which is connected to the
cognitive control network while the posterior part of the cluster is more connected to
sensorimotor regions [56]. Cortical regions in the frontal lobe generally show a greater
rate of decline relative to the general rate of cortical decline in aging [57,58]. To combine
our observation of a negative association between musical sophistication and functional
connectivity in the thalamus, and a positive association between musical sophistication
and functional connectivity in the superior frontal gyrus, one possibility is that people
with more musical experience might rely more on a highly trained and well-integrated
cortical network, including a network of insula and frontal lobe functions, while people
with less musical experience might need to compensate by recruiting more activity from
the thalamus, thus resulting in greater thalamus connectivity to the ventral anterior insula
in less musically experienced individuals.

The effect of music on ventral and dorsal insula functional connectivity seemed to have
a lateralized effect. Some evidence indicated right lateralization of the brain for singing
activity, as a comparison to left lateralization of speech activity [59–61]. Specifically, the
right anterior insula was found to be involved in audio–vocal integration during singing
tasks while connected to auditory and motor regions [62]. Right anterior insula functional
connectivity might support musical activity more and therefore is modulated by musical
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experience. This is consistent with our findings that musical experience is associated with
right dorsal and ventral anterior insula functional connectivity (Figure 4a). However,
connectivity between the left ventral insula and superior frontal gyrus and thalamus
showed greater effect size than the right ventral anterior insula (Figure 4a). The left
lateralization of the anterior insula and superior frontal gyrus was also observed in previous
studies [63,64], which indicates a functional differentiation between the left and right
anterior insula. It is possible that musical experience is also associated with connectivity
that does not support music directly. To further clarify our findings, the lateralization
index was calculated for each functional connectivity between the bilateral insula and their
music-associated clusters from Table 1, by (Left − Right)/(Left + Right) as an example of
left dominance [65]. However, we did not observe any significant correlations between
Gold-MSI subscale scores and lateralization of connectivity (Appendix A Figure A1). This
suggests that musical experience does not modulate the degree of functional lateralization,
and the lateralized findings in the current report might result from functional differentiation
between the left and right anterior insula.

We also found an association between self-reported singing ability and functional
connectivity between the ventral anterior insula and the right insula, the right supplemen-
tary motor cortex, and the left superior frontal gyrus. These follow-up exploratory results
partly overlapped with the above findings of the association between musical composite
score and the ventral anterior insula seed functional connectivity. This suggested that
self-reported singing ability might be driving the effect of music on insula-based functional
networks. Significant increases in cerebral blood flow have been observed in the anterior
insula and the supplementary motor area while singing, suggesting these regions were
actively involved during singing [66]. Singers also showed altered activity in the anterior
insula than non-singers during both resting and singing [67]. Our results suggest that
lifetime singing experience may have shaped the insula-based function in our sample as
well. Additionally, greater activation has been observed in the supplementary motor area
and the insula in musicians compared to non-musicians while improvising music [68]. The
strengthened functional connectivity between the insula and the supplementary motor area
in participants with more singing experience in our sample may suggest a superior ability
to represent sound information and planning complicated motor behavior. Besides brain
function, singing activity has also shown benefits for cognition and well-being in older
adults [69–71]. Given its benefits on the brain and behavior, singing might be a promising
candidate for designing music-based interventions in the future.

There are some limitations in the current study, and potential directions for future
studies. First, the current results were based on a voxel P threshold at a liberal level
(p = 0.01) but FWE-corrected cluster-level p < 0.05. No cluster survived a more stringent
level of threshold (p = 0.001), but the reported clusters survived the more stringent cluster-
based correction, suggesting a fairly small effect size that affected a relatively larger cluster
of functional connectivity. Second, although musical experience showed a relationship to
brain networks that support sensorimotor function, we do not have the behavioral data to
relate network activity to motor ability measures. Future studies should include motor and
cognitive tasks to examine the effect of musical experience on behavioral outcomes. Third,
as a cross-sectional study, we cannot assert causal relationships between musical experience
and patterns of network activation. Musical training interventions will be necessary to
determine whether musical experience is related to changes in brain networks and aspects
of perceptual, cognitive and motor performance. Finally, the current sample was extracted
from a larger database with inactive older adults (i.e., low physical activity engagement)
and with a majority of females, which decreased the representativeness of the results. A
larger sample size of balanced demographic factors could improve the generalizability of
our findings in future research.
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5. Conclusions

In conclusion, the current analysis suggests that musical experience, especially singing
ability, modulates insula-based functional connectivity, involving regions related to sensori-
motor function and cognitive control in older adults. The relationship of musical experience
to functional connectivity in the insula-based network extends previous results comparing
musicians and non-musicians [31] to a continuum of musical experience in an older adult
population. The current findings refine our understanding of the role of musical experi-
ences on insula-based networks in the aging brain. This understanding may serve as a
target for future development of music-based interventions for healthy aging.

Author Contributions: Conceptualization, M.A. and P.L.; formal analysis, M.A. and T.P.M.; method-
ology, M.A.; supervision, A.F.K.; writing—original draft, M.A.; writing—review and editing, P.L.,
T.P.M., L.C.-H., C.H.H., E.M. and A.F.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Institute on Aging at the National Institutes of
Health (Grant R37 AG025667).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Institutional Review Board of the University of Illinois at Urbana-Champaign (protocol code of 19776;
date of approval of 14 May 2019).

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

Data Availability Statement: The data in this study are available on request from Arthur F. Kramer
and Edward McAuley.

Acknowledgments: We would like to thank Anya Knecht, Susan Houseworth, Nancy Dodge,
Hilly Tracy, Robert Weisshappel, and all of the graduate students and staff in the Lifelong Brain
and Cognition and Exercise Psychology Laboratory for their help in participant recruitment and
data acquisition.

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

Appendix A

Brain Sci. 2022, 12, 1577 13 of 16 
 

Appendix A 

 

Figure A1. The correlation plot between Gold-SMI subscale scores and lateralization index of con-

nectivity between the ventral anterior insula and inferior frontal gyrus (vAI_InfFront), the ventral 

anterior insula and superior frontal gyrus (vAI_Supe), the ventral anterior insula and thalamus 

(vAI_Thalamus), and (dAI_Precentral) dorsal anterior insula and the precentral/postcentral gyrus 

(dAI_Precentral). Dots show the significant correlation pairs. Positive correlations are shown in red 

and negative correlations are shown in blue. Size of dots corresponds to effect size. Bonferroni cor-

rection was applied (p = 0.01). 

References 

1. Raz, N.; Ghisletta, P.; Rodrigue, K.M.; Kennedy, K.M.; Lindenberger, U. Trajectories of Brain Aging in Middle-Aged and Older 

Adults: Regional and Individual Differences. NeuroImage 2010, 51, 501–511. https://doi.org/10.1016/j.neuroimage.2010.03.020. 

2. Wilson, R.S.; Beckett, L.A.; Barnes, L.L.; Schneider, J.A.; Bach, J.; Evans, D.A.; Bennett, D.A. Individual Differences in Rates of 

Change in Cognitive Abilities of Older Persons. Psychol. Aging 2002, 17, 179–193. https://doi.org/10.1037/0882-7974.17.2.179. 

3. Cheng, S.-T. Cognitive Reserve and the Prevention of Dementia: The Role of Physical and Cognitive Activities. Curr Psychiatry 

Rep 2016, 18, 85. https://doi.org/10.1007/s11920-016-0721-2. 

4. Erickson, K.I.; Hillman, C.H.; Kramer, A.F. Physical Activity, Brain, and Cognition. Curr. Opin. Behav. Sci. 2015, 4, 27–32. 

https://doi.org/10.1016/j.cobeha.2015.01.005. 

5. Zatorre, R.J.; Chen, J.L.; Penhune, V.B. When the Brain Plays Music: Auditory–Motor Interactions in Music Perception and 

Production. Nat. Rev. Neurosci. 2007, 8, 547–558. https://doi.org/10.1038/nrn2152. 

6. Krampe, R.T.; Ericsson, K.A. Maintaining Excellence: Deliberate Practice and Elite Performance in Young and Older Pianists. J. 

Exp. Psychol. Gen. 1996, 125, 331–359. https://doi.org/10.1037/0096-3445.125.4.331. 

7. Parbery-Clark, A.; Strait, D.L.; Anderson, S.; Hittner, E.; Kraus, N. Musical Experience and the Aging Auditory System: Impli-

cations for Cognitive Abilities and Hearing Speech in Noise. PLoS ONE 2011, 6, e18082. https://doi.org/10.1371/jour-

nal.pone.0018082. 

8. Zendel, B.R.; Alain, C. Musicians Experience Less Age-Related Decline in Central Auditory Processing. Psychol. Aging 2012, 27, 

410–417. https://doi.org/10.1037/a0024816. 

9. Grassi, M.; Borella, E. The Role of Auditory Abilities in Basic Mechanisms of Cognition in Older Adults. Front. Aging Neurosci. 

2013, 5, 59. 

10. Rabinowitz, I.; Lavner, Y. Association between Finger Tapping, Attention, Memory, and Cognitive Diagnosis in Elderly Pa-

tients. Percept. Mot. Ski. 2014, 119, 259–278. https://doi.org/10.2466/10.22.PMS.119c12z3. 

11. Román-Caballero, R.; Arnedo, M.; Triviño, M.; Lupiáñez, J. Musical Practice as an Enhancer of Cognitive Function in Healthy 

Aging—A Systematic Review and Meta-Analysis. PLoS ONE 2018, 13, e0207957. https://doi.org/10.1371/journal.pone.0207957. 

12. Grassi, M.; Meneghetti, C.; Toffalini, E.; Borella, E. Auditory and Cognitive Performance in Elderly Musicians and Nonmusi-

cians. PLoS ONE 2017, 12, e0187881. https://doi.org/10.1371/journal.pone.0187881. 

Figure A1. The correlation plot between Gold-SMI subscale scores and lateralization index of
connectivity between the ventral anterior insula and inferior frontal gyrus (vAI_InfFront), the ventral
anterior insula and superior frontal gyrus (vAI_Supe), the ventral anterior insula and thalamus
(vAI_Thalamus), and (dAI_Precentral) dorsal anterior insula and the precentral/postcentral gyrus
(dAI_Precentral). Dots show the significant correlation pairs. Positive correlations are shown in
red and negative correlations are shown in blue. Size of dots corresponds to effect size. Bonferroni
correction was applied (p = 0.01).



Brain Sci. 2022, 12, 1577 13 of 15

References
1. Raz, N.; Ghisletta, P.; Rodrigue, K.M.; Kennedy, K.M.; Lindenberger, U. Trajectories of Brain Aging in Middle-Aged and Older

Adults: Regional and Individual Differences. NeuroImage 2010, 51, 501–511. [CrossRef] [PubMed]
2. Wilson, R.S.; Beckett, L.A.; Barnes, L.L.; Schneider, J.A.; Bach, J.; Evans, D.A.; Bennett, D.A. Individual Differences in Rates of

Change in Cognitive Abilities of Older Persons. Psychol. Aging 2002, 17, 179–193. [CrossRef]
3. Cheng, S.-T. Cognitive Reserve and the Prevention of Dementia: The Role of Physical and Cognitive Activities. Curr. Psychiatry

Rep. 2016, 18, 85. [CrossRef] [PubMed]
4. Erickson, K.I.; Hillman, C.H.; Kramer, A.F. Physical Activity, Brain, and Cognition. Curr. Opin. Behav. Sci. 2015, 4, 27–32.

[CrossRef]
5. Zatorre, R.J.; Chen, J.L.; Penhune, V.B. When the Brain Plays Music: Auditory–Motor Interactions in Music Perception and

Production. Nat. Rev. Neurosci. 2007, 8, 547–558. [CrossRef]
6. Krampe, R.T.; Ericsson, K.A. Maintaining Excellence: Deliberate Practice and Elite Performance in Young and Older Pianists. J.

Exp. Psychol. Gen. 1996, 125, 331–359. [CrossRef] [PubMed]
7. Parbery-Clark, A.; Strait, D.L.; Anderson, S.; Hittner, E.; Kraus, N. Musical Experience and the Aging Auditory System:

Implications for Cognitive Abilities and Hearing Speech in Noise. PLoS ONE 2011, 6, e18082. [CrossRef] [PubMed]
8. Zendel, B.R.; Alain, C. Musicians Experience Less Age-Related Decline in Central Auditory Processing. Psychol. Aging 2012, 27,

410–417. [CrossRef] [PubMed]
9. Grassi, M.; Borella, E. The Role of Auditory Abilities in Basic Mechanisms of Cognition in Older Adults. Front. Aging Neurosci.

2013, 5, 59. [CrossRef] [PubMed]
10. Rabinowitz, I.; Lavner, Y. Association between Finger Tapping, Attention, Memory, and Cognitive Diagnosis in Elderly Patients.

Percept. Mot. Ski. 2014, 119, 259–278. [CrossRef] [PubMed]
11. Román-Caballero, R.; Arnedo, M.; Triviño, M.; Lupiáñez, J. Musical Practice as an Enhancer of Cognitive Function in Healthy

Aging—A Systematic Review and Meta-Analysis. PLoS ONE 2018, 13, e0207957. [CrossRef] [PubMed]
12. Grassi, M.; Meneghetti, C.; Toffalini, E.; Borella, E. Auditory and Cognitive Performance in Elderly Musicians and Nonmusicians.

PLoS ONE 2017, 12, e0187881. [CrossRef]
13. Strong, J.V.; Mast, B.T. The Cognitive Functioning of Older Adult Instrumental Musicians and Non-Musicians. Aging Neuropsychol.

Cogn. 2019, 26, 367–386. [CrossRef] [PubMed]
14. Sala, G.; Gobet, F. Does Far Transfer Exist? Negative Evidence from Chess, Music, and Working Memory Training. Curr. Dir.

Psychol. Sci. 2017, 26, 515–520. [CrossRef]
15. Bidelman, G.M.; Alain, C. Musical Training Orchestrates Coordinated Neuroplasticity in Auditory Brainstem and Cortex to

Counteract Age-Related Declines in Categorical Vowel Perception. J. Neurosci. 2015, 35, 1240–1249. [CrossRef] [PubMed]
16. Gaser, C.; Schlaug, G. Brain Structures Differ between Musicians and Non-Musicians. J. Neurosci. 2003, 23, 9240–9245. [CrossRef]
17. Luo, C.; Guo, Z.; Lai, Y.; Liao, W.; Liu, Q.; Kendrick, K.M.; Yao, D.; Li, H. Musical Training Induces Functional Plasticity in

Perceptual and Motor Networks: Insights from Resting-State FMRI. PLoS ONE 2012, 7, e36568. [CrossRef]
18. Palomar-García, M.-Á.; Zatorre, R.J.; Ventura-Campos, N.; Bueichekú, E.; Ávila, C. Modulation of Functional Connectivity in

Auditory–Motor Networks in Musicians Compared with Nonmusicians. Cereb. Cortex 2017, 27, 2768–2778. [CrossRef]
19. Zimmerman, E.; Lahav, A. The Multisensory Brain and Its Ability to Learn Music: Zimmerman & Lahav. Ann. N. Y. Acad. Sci.

2012, 1252, 179–184. [CrossRef]
20. Bamiou, D.-E.; Musiek, F.E.; Luxon, L.M. The Insula (Island of Reil) and Its Role in Auditory Processing: Literature Review. Brain

Res. Rev. 2003, 42, 143–154. [CrossRef] [PubMed]
21. Kurth, F.; Zilles, K.; Fox, P.T.; Laird, A.R.; Eickhoff, S.B. A Link between the Systems: Functional Differentiation and Integration

within the Human Insula Revealed by Meta-Analysis. Brain Struct. Funct. 2010, 214, 519–534. [CrossRef] [PubMed]
22. Belfi, A.M.; Loui, P. Musical Anhedonia and Rewards of Music Listening: Current Advances and a Proposed Model. Ann. N. Y.

Acad. Sci. 2020, 1464, 99–114. [CrossRef]
23. Menon, V.; Uddin, L.Q. Saliency, Switching, Attention and Control: A Network Model of Insula Function. Brain Struct. Funct.

2010, 214, 655–667. [CrossRef]
24. Craig, A. Interoception: The Sense of the Physiological Condition of the Body. Curr. Opin. Neurobiol. 2003, 13, 500–505. [CrossRef]

[PubMed]
25. Craig, A.D. Significance of the Insula for the Evolution of Human Awareness of Feelings from the Body. Ann. N. Y. Acad. Sci.

2011, 1225, 72–82. [CrossRef]
26. Deen, B.; Pitskel, N.B.; Pelphrey, K.A. Three Systems of Insular Functional Connectivity Identified with Cluster Analysis. Cereb.

Cortex 2011, 21, 1498–1506. [CrossRef] [PubMed]
27. Kleber, B.; Zeitouni, A.G.; Friberg, A.; Zatorre, R.J. Experience-Dependent Modulation of Feedback Integration during Singing:

Role of the Right Anterior Insula. J. Neurosci. 2013, 33, 6070–6080. [CrossRef] [PubMed]
28. Kleber, B.; Friberg, A.; Zeitouni, A.; Zatorre, R. Experience-Dependent Modulation of Right Anterior Insula and Sensorimotor

Regions as a Function of Noise-Masked Auditory Feedback in Singers and Nonsingers. NeuroImage 2017, 147, 97–110. [CrossRef]
29. Koelsch, S.; Cheung, V.K.M.; Jentschke, S.; Haynes, J.-D. Neocortical Substrates of Feelings Evoked with Music in the ACC, Insula,

and Somatosensory Cortex. Sci. Rep. 2021, 11, 10119. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuroimage.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20298790
http://doi.org/10.1037/0882-7974.17.2.179
http://doi.org/10.1007/s11920-016-0721-2
http://www.ncbi.nlm.nih.gov/pubmed/27481112
http://doi.org/10.1016/j.cobeha.2015.01.005
http://doi.org/10.1038/nrn2152
http://doi.org/10.1037/0096-3445.125.4.331
http://www.ncbi.nlm.nih.gov/pubmed/8945787
http://doi.org/10.1371/journal.pone.0018082
http://www.ncbi.nlm.nih.gov/pubmed/21589653
http://doi.org/10.1037/a0024816
http://www.ncbi.nlm.nih.gov/pubmed/21910546
http://doi.org/10.3389/fnagi.2013.00059
http://www.ncbi.nlm.nih.gov/pubmed/24115932
http://doi.org/10.2466/10.22.PMS.119c12z3
http://www.ncbi.nlm.nih.gov/pubmed/25153754
http://doi.org/10.1371/journal.pone.0207957
http://www.ncbi.nlm.nih.gov/pubmed/30481227
http://doi.org/10.1371/journal.pone.0187881
http://doi.org/10.1080/13825585.2018.1448356
http://www.ncbi.nlm.nih.gov/pubmed/29516767
http://doi.org/10.1177/0963721417712760
http://doi.org/10.1523/JNEUROSCI.3292-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25609638
http://doi.org/10.1523/JNEUROSCI.23-27-09240.2003
http://doi.org/10.1371/journal.pone.0036568
http://doi.org/10.1093/cercor/bhw120
http://doi.org/10.1111/j.1749-6632.2012.06455.x
http://doi.org/10.1016/S0165-0173(03)00172-3
http://www.ncbi.nlm.nih.gov/pubmed/12738055
http://doi.org/10.1007/s00429-010-0255-z
http://www.ncbi.nlm.nih.gov/pubmed/20512376
http://doi.org/10.1111/nyas.14241
http://doi.org/10.1007/s00429-010-0262-0
http://doi.org/10.1016/S0959-4388(03)00090-4
http://www.ncbi.nlm.nih.gov/pubmed/12965300
http://doi.org/10.1111/j.1749-6632.2011.05990.x
http://doi.org/10.1093/cercor/bhq186
http://www.ncbi.nlm.nih.gov/pubmed/21097516
http://doi.org/10.1523/JNEUROSCI.4418-12.2013
http://www.ncbi.nlm.nih.gov/pubmed/23554488
http://doi.org/10.1016/j.neuroimage.2016.11.059
http://doi.org/10.1038/s41598-021-89405-y
http://www.ncbi.nlm.nih.gov/pubmed/33980876


Brain Sci. 2022, 12, 1577 14 of 15

30. Lordier, L.; Meskaldji, D.-E.; Grouiller, F.; Pittet, M.P.; Vollenweider, A.; Vasung, L.; Borradori-Tolsa, C.; Lazeyras, F.; Grandjean, D.;
Ville, D.V.D.; et al. Music in Premature Infants Enhances High-Level Cognitive Brain Networks. Proc. Natl. Acad. Sci. USA 2019,
116, 12103–12108. [CrossRef]

31. Zamorano, A.M.; Cifre, I.; Montoya, P.; Riquelme, I.; Kleber, B. Insula-Based Networks in Professional Musicians: Evidence for
Increased Functional Connectivity during Resting State FMRI. Hum. Brain Mapp. 2017, 38, 4834–4849. [CrossRef] [PubMed]

32. Cosentino, S.; Brickman, A.M.; Griffith, E.; Habeck, C.; Cines, S.; Farrell, M.; Shaked, D.; Huey, E.D.; Briner, T.; Stern, Y. The Right
Insula Contributes to Memory Awareness in Cognitively Diverse Older Adults. Neuropsychologia 2015, 75, 163–169. [CrossRef]
[PubMed]

33. Philippi, N.; Noblet, V.; Hamdaoui, M.; Soulier, D.; Botzung, A.; Ehrhard, E.; Cretin, B.; Blanc, F.; Martin-Hunyadi, C.; Demuynck,
C.; et al. The Insula, a Grey Matter of Tastes: A Volumetric MRI Study in Dementia with Lewy Bodies. Alzheimer Res. Ther. 2020,
12, 79. [CrossRef] [PubMed]

34. Roquet, D.; Noblet, V.; Anthony, P.; Philippi, N.; Demuynck, C.; Cretin, B.; Martin-Hunyadi, C.; Loureiro de Sousa, P.; Blanc,
F. Insular Atrophy at the Prodromal Stage of Dementia with Lewy Bodies: A VBM DARTEL Study. Sci. Rep. 2017, 7, 9437.
[CrossRef] [PubMed]

35. Wang, D.; Belden, A.; Hanser, S.B.; Geddes, M.R.; Loui, P. Resting-State Connectivity of Auditory and Reward Systems in
Alzheimer’s Disease and Mild Cognitive Impairment. Front. Hum. Neurosci. 2020, 14, 280. [CrossRef]

36. Chaddock-Heyman, L.; Loui, P.; Weng, T.B.; Weisshappel, R.; McAuley, E.; Kramer, A.F. Musical Training and Brain Volume in
Older Adults. Brain Sci. 2021, 11, 50. [CrossRef]

37. Müllensiefen, D.; Gingras, B.; Musil, J.; Stewart, L. The Musicality of Non-Musicians: An Index for Assessing Musical Sophistica-
tion in the General Population. PLoS ONE 2014, 9, e89642. [CrossRef] [PubMed]

38. Whitfield-Gabrieli, S.; Nieto-Castanon, A. Conn: A Functional Connectivity Toolbox for Correlated and Anticorrelated Brain
Networks. Brain Connect. 2012, 2, 125–141. [CrossRef] [PubMed]

39. Behzadi, Y.; Restom, K.; Liau, J.; Liu, T.T. A Component Based Noise Correction Method (CompCor) for BOLD and Perfusion
Based FMRI. Neuroimage 2007, 37, 90–101. [CrossRef] [PubMed]

40. Van Dijk, K.R.A.; Hedden, T.; Venkataraman, A.; Evans, K.C.; Lazar, S.W.; Buckner, R.L. Intrinsic Functional Connectivity As a
Tool For Human Connectomics: Theory, Properties, and Optimization. J. Neurophysiol. 2010, 103, 297–321. [CrossRef]

41. Yousry, T.A.; Schmid, U.D.; Alkadhi, H.; Schmidt, D.; Peraud, A.; Buettner, A.; Winkler, P. Localization of the Motor Hand Area to
a Knob on the Precentral Gyrus. A New Landmark. Brain 1997, 120, 141–157. [CrossRef] [PubMed]

42. Brodmann, K. Vergleichende Lokalisationslehre Der Grosshirnrinde in Ihren Prinzipien Dargestellt Auf Grund Des Zellenbaues; Barth:
Leipzig, Germany, 1909.

43. Perri, R.L.; Berchicci, M.; Bianco, V.; Quinzi, F.; Spinelli, D.; Di Russo, F. Awareness of Perception and Sensory–Motor Integration:
ERPs from the Anterior Insula. Brain Struct. Funct. 2018, 223, 3577–3592. [CrossRef] [PubMed]

44. Dambacher, F.; Sack, A.T.; Lobbestael, J.; Arntz, A.; Brugman, S.; Schuhmann, T. Out of Control: Evidence for Anterior Insula
Involvement in Motor Impulsivity and Reactive Aggression. Soc. Cogn. Affect. Neurosci. 2015, 10, 508–516. [CrossRef] [PubMed]

45. Brass, M.; Derrfuss, J.; Forstmann, B.; von Cramon, D.Y. The Role of the Inferior Frontal Junction Area in Cognitive Control.
Trends Cogn. Sci. 2005, 9, 314–316. [CrossRef]

46. Hampshire, A.; Chamberlain, S.R.; Monti, M.M.; Duncan, J.; Owen, A.M. The Role of the Right Inferior Frontal Gyrus: Inhibition
and Attentional Control. NeuroImage 2010, 50, 1313–1319. [CrossRef]

47. Cai, W.; Ryali, S.; Chen, T.; Li, C.-S.R.; Menon, V. Dissociable Roles of Right Inferior Frontal Cortex and Anterior Insula in
Inhibitory Control: Evidence from Intrinsic and Task-Related Functional Parcellation, Connectivity, and Response Profile Analyses
across Multiple Datasets. J. Neurosci. 2014, 34, 14652–14667. [CrossRef]

48. Cazzoli, D.; Kaufmann, B.C.; Paladini, R.E.; Müri, R.M.; Nef, T.; Nyffeler, T. Anterior Insula and Inferior Frontal Gyrus: Where
Ventral and Dorsal Visual Attention Systems Meet. Brain Commun. 2021, 3, fcaa220. [CrossRef]

49. Tillmann, B.; Janata, P.; Bharucha, J.J. Activation of the Inferior Frontal Cortex in Musical Priming. Cogn. Brain Res. 2003, 16,
145–161. [CrossRef]

50. Anderson, L.A.; Christianson, G.B.; Linden, J.F. Stimulus-Specific Adaptation Occurs in the Auditory Thalamus. J. Neurosci. 2009,
29, 7359–7363. [CrossRef]

51. Pannese, A.; Grandjean, D.; Frühholz, S. Subcortical Processing in Auditory Communication. Hear. Res. 2015, 328, 67–77.
[CrossRef]

52. Eckert, M.A.; Kamdar, N.V.; Chang, C.E.; Beckmann, C.F.; Greicius, M.D.; Menon, V. A Cross-Modal System Linking Primary
Auditory and Visual Cortices: Evidence from Intrinsic FMRI Connectivity Analysis. Hum. Brain Mapp. 2008, 29, 848–857.
[CrossRef] [PubMed]

53. Worschech, F.; Altenmüller, E.; Jünemann, K.; Sinke, C.; Krüger, T.H.C.; Scholz, D.S.; Müller, C.A.H.; Kliegel, M.; James, C.E.;
Marie, D. Evidence of Cortical Thickness Increases in Bilateral Auditory Brain Structures Following Piano Learning in Older
Adults. Ann. N. Y. Acad. Sci. 2022, 1513, 21–30. [CrossRef] [PubMed]

54. du Boisgueheneuc, F.; Levy, R.; Volle, E.; Seassau, M.; Duffau, H.; Kinkingnehun, S.; Samson, Y.; Zhang, S.; Dubois, B. Functions
of the Left Superior Frontal Gyrus in Humans: A Lesion Study. Brain 2006, 129, 3315–3328. [CrossRef] [PubMed]

55. Derrfuss, J.; Brass, M.; Yves von Cramon, D. Cognitive Control in the Posterior Frontolateral Cortex: Evidence from Common
Activations in Task Coordination, Interference Control, and Working Memory. NeuroImage 2004, 23, 604–612. [CrossRef]

http://doi.org/10.1073/pnas.1817536116
http://doi.org/10.1002/hbm.23682
http://www.ncbi.nlm.nih.gov/pubmed/28737256
http://doi.org/10.1016/j.neuropsychologia.2015.05.032
http://www.ncbi.nlm.nih.gov/pubmed/26049091
http://doi.org/10.1186/s13195-020-00645-y
http://www.ncbi.nlm.nih.gov/pubmed/32631425
http://doi.org/10.1038/s41598-017-08667-7
http://www.ncbi.nlm.nih.gov/pubmed/28842567
http://doi.org/10.3389/fnhum.2020.00280
http://doi.org/10.3390/brainsci11010050
http://doi.org/10.1371/journal.pone.0089642
http://www.ncbi.nlm.nih.gov/pubmed/24586929
http://doi.org/10.1089/brain.2012.0073
http://www.ncbi.nlm.nih.gov/pubmed/22642651
http://doi.org/10.1016/j.neuroimage.2007.04.042
http://www.ncbi.nlm.nih.gov/pubmed/17560126
http://doi.org/10.1152/jn.00783.2009
http://doi.org/10.1093/brain/120.1.141
http://www.ncbi.nlm.nih.gov/pubmed/9055804
http://doi.org/10.1007/s00429-018-1709-y
http://www.ncbi.nlm.nih.gov/pubmed/29978306
http://doi.org/10.1093/scan/nsu077
http://www.ncbi.nlm.nih.gov/pubmed/24837479
http://doi.org/10.1016/j.tics.2005.05.001
http://doi.org/10.1016/j.neuroimage.2009.12.109
http://doi.org/10.1523/JNEUROSCI.3048-14.2014
http://doi.org/10.1093/braincomms/fcaa220
http://doi.org/10.1016/S0926-6410(02)00245-8
http://doi.org/10.1523/JNEUROSCI.0793-09.2009
http://doi.org/10.1016/j.heares.2015.07.003
http://doi.org/10.1002/hbm.20560
http://www.ncbi.nlm.nih.gov/pubmed/18412133
http://doi.org/10.1111/nyas.14762
http://www.ncbi.nlm.nih.gov/pubmed/35292982
http://doi.org/10.1093/brain/awl244
http://www.ncbi.nlm.nih.gov/pubmed/16984899
http://doi.org/10.1016/j.neuroimage.2004.06.007


Brain Sci. 2022, 12, 1577 15 of 15

56. Li, W.; Qin, W.; Liu, H.; Fan, L.; Wang, J.; Jiang, T.; Yu, C. Subregions of the Human Superior Frontal Gyrus and Their Connections.
NeuroImage 2013, 78, 46–58. [CrossRef]

57. Salat, D.H.; Buckner, R.L.; Snyder, A.Z.; Greve, D.N.; Desikan, R.S.R.; Busa, E.; Morris, J.C.; Dale, A.M.; Fischl, B. Thinning of the
Cerebral Cortex in Aging. Cereb. Cortex 2004, 14, 721–730. [CrossRef] [PubMed]

58. Thambisetty, M.; Wan, J.; Carass, A.; An, Y.; Prince, J.L.; Resnick, S.M. Longitudinal Changes in Cortical Thickness Associated
with Normal Aging. NeuroImage 2010, 52, 1215–1223. [CrossRef]

59. Jeffries, K.J.; Fritz, J.B.; Braun, A.R. Words in Melody: An H215O PET Study of Brain Activation during Singing and Speaking.
NeuroReport 2003, 14, 749–754. [CrossRef]

60. Riecker, A.; Ackermann, H.; Wildgruber, D.; Dogil, G.; Grodd, W. Opposite Hemispheric Lateralization Effects during Speaking
and Singing at Motor Cortex, Insula and Cerebellum. NeuroReport 2000, 11, 1997–2000. [CrossRef]

61. Chen, X.; Zhao, Y.; Zhong, S.; Cui, Z.; Li, J.; Gong, G.; Dong, Q.; Nan, Y. The Lateralized Arcuate Fasciculus in Developmental
Pitch Disorders among Mandarin Amusics: Left for Speech and Right for Music. Brain Struct. Funct. 2018, 223, 2013–2024.
[CrossRef]

62. Zarate, J.M.; Zatorre, R.J. Experience-Dependent Neural Substrates Involved in Vocal Pitch Regulation during Singing. NeuroImage
2008, 40, 1871–1887. [CrossRef]

63. Chiarello, C.; Vazquez, D.; Felton, A.; Leonard, C.M. Structural Asymmetry of Anterior Insula: Behavioral Correlates and
Individual Differences. Brain Lang. 2013, 126, 109–122. [CrossRef] [PubMed]

64. Kann, S.; Zhang, S.; Manza, P.; Leung, H.-C.; Li, C.-S.R. Hemispheric Lateralization of Resting-State Functional Connectivity of
the Anterior Insula: Association with Age, Gender, and a Novelty-Seeking Trait. Brain Connect. 2016, 6, 724–734. [CrossRef]

65. Seghier, M.L. Laterality Index in Functional MRI: Methodological Issues. Magn. Reson. Imaging 2008, 26, 594–601. [CrossRef]
66. Perry, D.W.; Zatorre, R.J.; Petrides, M.; Alivisatos, B.; Meyer, E.; Evans, A.C. Localization of Cerebral Activity during Simple

Singing. NeuroReport 1999, 10, 3979–3984. [CrossRef]
67. Zamorano, A.M.; Zatorre, R.J.; Vuust, P.; Friberg, A.; Birbaumer, N.; Kleber, B. Singing Training Predicts Increased Insula

Connectivity with Speech and Respiratory Sensorimotor Areas at Rest. bioRxiv 2020, 793083. [CrossRef]
68. de Aquino, M.P.B.; Verdejo-Román, J.; Pérez-García, M.; Pérez-García, P. Different Role of the Supplementary Motor Area and the

Insula between Musicians and Non-Musicians in a Controlled Musical Creativity Task. Sci. Rep. 2019, 9, 13006. [CrossRef]
69. Fu, M.C.; Belza, B.; Nguyen, H.; Logsdon, R.; Demorest, S. Impact of Group-Singing on Older Adult Health in Senior Living

Communities: A Pilot Study. Arch. Gerontol. Geriatr. 2018, 76, 138–146. [CrossRef] [PubMed]
70. Pentikäinen, E.; Pitkäniemi, A.; Siponkoski, S.-T.; Jansson, M.; Louhivuori, J.; Johnson, J.K.; Paajanen, T.; Särkämö, T. Beneficial

Effects of Choir Singing on Cognition and Well-Being of Older Adults: Evidence from a Cross-Sectional Study. PLoS ONE 2021,
16, e0245666. [CrossRef] [PubMed]

71. Skingley, A.; Vella-Burrows, T. Therapeutic Effects of Music and Singing for Older People. (Cover Story). Nurs. Stand. 2010, 24,
35–41. [CrossRef]

http://doi.org/10.1016/j.neuroimage.2013.04.011
http://doi.org/10.1093/cercor/bhh032
http://www.ncbi.nlm.nih.gov/pubmed/15054051
http://doi.org/10.1016/j.neuroimage.2010.04.258
http://doi.org/10.1097/00001756-200304150-00018
http://doi.org/10.1097/00001756-200006260-00038
http://doi.org/10.1007/s00429-018-1608-2
http://doi.org/10.1016/j.neuroimage.2008.01.026
http://doi.org/10.1016/j.bandl.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23681069
http://doi.org/10.1089/brain.2016.0443
http://doi.org/10.1016/j.mri.2007.10.010
http://doi.org/10.1097/00001756-199912160-00046
http://doi.org/10.1101/793083
http://doi.org/10.1038/s41598-019-49405-5
http://doi.org/10.1016/j.archger.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29518671
http://doi.org/10.1371/journal.pone.0245666
http://www.ncbi.nlm.nih.gov/pubmed/33534842
http://doi.org/10.7748/ns.24.19.35.s50

	Introduction 
	Materials and Methods 
	Participants 
	The Goldsmiths Musical Sophistication Index Questionnaire 
	Imaging Data Acquisition 
	Data Analysis 
	Data Preprocessing 
	Seed-to-Voxel Analysis 
	Behavioral Data Correlation Analysis 


	Results 
	The Association between Musical Experience and Insula Seed Functional Connectivity 
	Correlation between Seed-Based Functional Connectivity and Gold-MSI Subscale Scores 
	The Association between Singing Ability and Insula Seed Functional Connectivity 

	Discussion 
	Conclusions 
	Appendix A
	References

