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Abstract: Despite considerable research on experience-dependent neuroplasticity in professional
musicians, detailed understanding of an involvement of the insula is only now beginning to
emerge. We investigated the effects of musical training on intrinsic insula-based connectivity in
professional classical musicians relative to nonmusicians using resting-state functional MRI. Fol-
lowing a tripartite scheme of insula subdivisions, coactivation profiles were analyzed for the poste-
rior, ventral anterior, and dorsal anterior insula in both hemispheres. While whole-brain
connectivity across all participants confirmed previously reported patterns, between-group compar-
isons revealed increased insular connectivity in musicians relative to nonmusicians. Coactivated
regions encompassed constituents of large-scale networks involved in salience detection (e.g., ante-
rior and middle cingulate cortex), affective processing (e.g., orbitofrontal cortex and temporal
pole), and higher order cognition (e.g., dorsolateral prefrontal cortex and the temporoparietal junc-
tion), whereas no differences were found for the reversed group contrast. Importantly, these con-
nectivity patterns were stronger in musicians who experienced more years of musical practice,
including also sensorimotor regions involved in music performance (M1 hand area, S1, A1, and
SMA). We conclude that musical training triggers significant reorganization in insula-based net-
works, potentially facilitating high-level cognitive and affective functions associated with the fast
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INTRODUCTION

Playing a musical instrument places enormous demands
on sensory, motor, and cognitive systems due to the con-
tinuous integration of complex perceptual inputs with pre-
cisely timed motor commands [Altenm€uller, 2008; Zatorre
et al., 2007]. Musical training has therefore been increas-
ingly used as a framework for studying experience-
dependent neuroplasticity, providing compelling evidence
that the repetitive performance of concurrent sensory and
motor tasks modifies corresponding brain regions at both
the functional and the structural levels [Bailey et al., 2014;
Bermudez et al., 2009; Elbert et al., 1995; Gaser and
Schlaug, 2003; Kleber et al., 2010, 2013; Lotze et al., 2003;
Munte et al., 2002; Pantev et al., 2001; Schneider et al.,
2002; Schulz et al., 2003; Steele et al., 2013]. A causal rela-
tionship with deliberate practice in sensitive periods has
furthermore been suggested based on the observation that
earlier commencement with musical training (<7 years)
correlates with greater neural reorganization as well as
enhanced planning, execution, and monitoring of music
performance at the behavioral level [Bengtsson et al., 2005;
Brown et al., 2015; Forgeard et al., 2008; Kleber et al., 2013;
Penhune, 2011].

Most of the research concerned with the effects of musi-
cal training has focused either on auditory or sensorimotor
systems, as both are fundamental for music perception
and music performance (for review, see Herholz and
Zatorre 2012). On the other hand, long-term musical prac-
tice also enhances sensorimotor interactions as well as the
integration of multisensory inputs [Musacchia et al., 2007;
Petrini et al., 2009; Ragert et al., 2004; Zatorre et al., 2007;
Zimmerman and Lahav, 2012], thus reducing auditory, tac-
tile, and multisensory reaction times at a behavioral level
[Landry and Champoux, 2017]. This suggests that music
learning and practice affects not only uni- but also multi-
sensory regions of the brain, such as the parietal lobe (per-
ceptual–motor coordination), the superior temporal sulcus
(action to sound mappings), and the prefrontal cortex
(temporal integration) [Lappe et al., 2011; Lee and Noppe-
ney, 2011; Paraskevopoulos et al., 2012; Zimmerman and
Lahav, 2012]. However, one region that is most strongly
and consistently implicated in sensory integration across
different sources of input, including sound, touch, pain,
and internal bodily sensations, is the insular cortex [Acker-
mann and Riecker, 2010; Bamiou et al., 2003; Craig, 2003,
2009a; Critchley et al., 2004; Karnath and Baier, 2010;
Olausson et al., 2002]. Its vast cortical and subcortical

connections and its participation in both stimulus detec-
tion and higher order cognitive control [Craig, 2009a; Deen
et al., 2011; Dosenbach et al., 2007; Menon and Uddin,
2010] makes it perfectly suited to act as a critical hub for
the coordination of large-scale brain networks involved in
sensory integration, affective processes, and executive
functions [Cauda et al., 2011; Seeley et al., 2007; Uddin,
2014].

Insula activation has been reported for a wide range of
musical tasks, such as tempo and melody processing (Pla-
tel et al., 1997; Thaut, 2003; Thaut et al., 2014), the acquisi-
tion of action–perception links during music learning
[Mutschler et al., 2007], the gating of sensory motor infor-
mation [Kleber et al., 2013], and the emotional processing
of music (Blood et al. [1999]; for review, see also Koelsch
[2014]). Similarly, cross-sectional studies have associated
musical training and aural skills with greater gray matter
volume and its myelination in several brain regions
including the insular cortices [Groussard et al., 2014; Shi-
mizu and Sakai, 2015]. Lesions of the insula and its discon-
nection with the auditory cortex have furthermore been
associated with musical anhedonia [Satoh et al., 2005; Sih-
vonen et al., 2016], whereas positive responses to pleasur-
able music correlated with enhanced activity in fronto-
insular areas in trained musicians [Brattico et al., 2015].
This is in line with a prominent theory that features the
insula as the neural substrate of human awareness [Craig,
2002, 2009a, 2011]. Moreover, healthy professional musi-
cians demonstrate enhanced interoceptive accuracy and
greater sensitivity to somatosensory and pain signals
[Schirmer-Mokwa et al., 2015; Zamorano et al., 2014],
which are integrated in the anterior insula [Critchley, 2004;
Wiech et al., 2010]. These data may therefore provide a
possible explanation for the increased prevalence of pain
syndromes among professional musicians relative to the
general population [Brandfonbrener, 2003; Steinmetz et al.,
2014].

Despite accumulating evidence for experience-dependent
changes in the brain of musicians, we still know little about
how musical training might affect the organization of large-
scale functional brain networks [Fauvel et al., 2014; Klein
et al., 2016; Luo et al., 2012, 2014; Palomar-Garc�ıa et al., 2017;
Tanaka and Kirino, 2016a, 2016b]. For this purpose, we used
resting-state functional magnetic resonance imaging (rs-
fMRI) to assess spatial patterns of functional connectivity
during spontaneous fluctuations of blood oxygenation level-
dependent (BOLD) activity, which may be closely related to
neural subsystems revealed by task-activation fMRI [Cole
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et al., 2014]. To date, only few such studies have been car-
ried out with musicians. The available data suggest
enhanced functional connectivity among predefined pri-
mary sensory and motor regions [Luo et al., 2012] and
between regions with increased gray-matter volume as a
function of musical training [Fauvel et al., 2014]. Two recent
studies reported greater functional connectivity at rest in
musicians compared to nonmusicians encompassing con-
stituents of the salience network [Luo et al., 2014] and
between the precuneus and the insula [Tanaka and Kirino,
2016b]. Based on these reports and the notion that the insula
represents a critical hub for sensory integration, we com-
pared resting-state fMRI connectivity patterns between
musicians and nonmusicians within insula-based networks.

According to Craig [2002, 2009a, 2011], sensory inputs
are integrated along a posterior-to-mid-to-anterior insula
progression scheme. In this scheme, the posterior insula
(PI) provides the primary representation of the physiologi-
cal condition of the body. A cognitive re-representation of
this input is performed and integrated in the mid insula
and again in the anterior insula cortex, where subjective
evaluation is performed in the ventral part of the anterior
insula (vAI). In accordance with this model, the insula can
be functionally divided into three subdivisions based on
their patterns of whole-brain functional connectivity dur-
ing resting-state fMRI: the posterior (PI), ventral anterior
(vAI), and dorsal anterior (dAI) insula [Deen et al., 2011;
Uddin et al., 2014]. These data associate the PI and por-
tions of the mid insula with sensorimotor processes
[Uddin et al., 2014]. In contrast, the dorsal anterior insula
(dAI) was connected with areas involved in higher level
cognitive control and the ventral anterior insula (vAI) was
linked to regions involved in affective processes [Deen
et al., 2011; Uddin et al., 2014].

Following this tripartite insula model, we hypothesized
that trained musicians compared to nonmusicians would
show enhanced functional connectivity between the PI and
sensorimotor areas that are typically involved in music pro-
duction, based on their extensive experience with fine-
grained sensorimotor coordination. We furthermore expected
that the anterior insula of musicians would show greater con-
nectivity with regions involved with affective, cognitive, and

attentional processes, possibly reflecting enhanced top–down
sensorimotor control in trained musicians. The presence of
such effects in the absence of musical task performance may
indicate lasting neuroplastic adaptation in these networks as
a function of training. Therefore, we hypothesized that the
proposed effects may be enhanced in more experienced
musicians. Together, this study expands on previous knowl-
edge about experience-dependent neuroplasticity by provid-
ing novel data on how musical training can affect insula-
based networks involved in bottom–up and top–down proc-
essing of multisensory and motor signals.

MATERIALS AND METHODS

Participants

Eleven female professional classical musicians (mean
age 31.4 6 11.2 years) from different music schools and
orchestras in the Balearic Islands (Spain) volunteered to
participate in this study. All musicians were conservatory-
trained instrumentalists (5 string, 2 keyboard, and 4 wood
instruments) with a long history of professional musical
practice (20.5 6 5.9 years) and an average of daily practice
of 3 h (3.6 6 2.2 h). A matched female control group was
recruited from the University of the Balearic Islands, con-
sisting of 12 right-handed nonmusicians (mean age 28.1 6

7.3 years) without any prior formal or informal music
training. Details for both groups are provided in Table I.
Participants with neurological diseases, chronic pain, or
pregnancy were not allowed in this study. One musician
was eliminated from further analysis due to bad alignment
during image preprocessing (see details in Image Acquisi-
tion section). The final number of professional musicians
was therefore 10 (one left handed). All participants
received verbal information about the scope of this study
and provided written consent. The study was performed
in accordance with the Declaration of Helsinki [1991] and
approved by the Ethics Committee of the Balearic Islands.

Psychometric Assessment

To test possible differences in anxiety or mood states
between groups, all participants completed the Spanish
versions of Beck’s Depression Inventory II [Beck et al.,
1961; Sanz et al., 2005] and the State-Trait Anxiety Inven-
tory [Spielberger et al., 1970]. Manual dominance was
determined with the Edinburgh Handedness Inventory
[Oldfield, 1971].

Image Acquisition

MRI was performed using a GE 3 T scanner (General
Electric Signa HDx, GE Healthcare, Milwaukee, WI). For
each subject, 240 whole-brain echo-planar images were
acquired over a period of 10 min with the eyes closed (32
transversal slices per volume; 3 mm slice thickness; 908

TABLE I. Sociodemographic and professional character-

istics of musicians and nonmusicians

Musicians
(n 5 10)

Nonmusicians
(n 5 12)

Age (y) 32.3 (11.4) 28.1 (7.3)
Dominant hand (L/R) 1/9 0/12
Depression 6.2 (6.7) 4.6(3.8)
State anxiety 12.1 (5.4) 14.2 (11.6)
Trait anxiety 12.4 (3.8) 13.8 (8.4)

Abbreviations: y, years; L, left; R, right.
All values represent mean and standard deviation (SD, in
brackets).
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flip angle; repetition time [TR]: 2500 ms; echo time [TE]: 35
ms; 64 3 64 matrix dimensions; 200 mm field of view).
The structural imaging data consisted of T1-weighted
images (256 slices per volume; repetition time [TR]: 7796
ms; echo time [TE]: 2.98 ms; matrix dimensions, 256 3

256; 240 mm field of view; 1 mm slice thickness; 128 flip
angle). Scanner noise was passively reduced by 236 db
using in-ear hearing protection. In addition, MRI foam-
cushions were placed over the ears to restrict head motion
and further to reduce the impact of scanner noise.

Neuroimaging Data Preprocessing

Image processing was performed with the Data Process-
ing Assistant for Resting-State fMRI (DPARSF; Chao-Gan
and Yu-Feng 2010; Yan et al., 2016), which is based on the
Statistical Parametric Mapping software package (SPM8;
http://www.fil.ion.ucl.ac.uk/spm) and the toolbox for
Data Processing & Analysis of Brain Imaging (DPABI;
http://rfmri.org/DPABI DPARSF_V3.1_141101). The first
10 volumes from each resting dataset were discarded prior
to data processing. Following slice-time correction and co-
registration, gray and white matter were segmented from
co-registered T1 images using the unified segmentation
model [Ashburner and Friston, 2005]. The resulting param-
eter file was used to normalize the functional images
(3 mm3 voxel size) to standard Montreal Neurological
Institute (MNI) stereotactic space and subsequently
smoothed with an isotropic Gaussian kernel (FWHM:
6 mm3). Nuisance regression parameters included white
matter (WM), cerebrospinal fluid (CSF), and six head
motion parameters. WM and CSF masks were generated
using SPM’s a priori tissue probability maps (empirical
thresholds: 90% for WM mask and 70% for CSF mask). No
global signal regression was performed to avoid introduc-
ing distortions of BOLD signal [Murphy et al., 2009; Wong
et al., 2016]. Head motion was below 2.0 mm maximum
displacement or 2.08 of any angular motion for all partici-
pants. A temporal filter (0.006–0.1 Hz) was applied to
reduce the impact of low-frequency drifts and high-
frequency physiological noise.

Voxel-Wise Functional Connectivity Analysis

Functionally segregated insular subdivisions represent-
ing the posterior (PI), ventral anterior (vAI), and dorsal
anterior (dAI) insula were provided as template images by
Deen et al. [2011] from their previous study. Mean coordi-
nates of these insular subdivisions are shown in Table II.
The resulting six insular ROIs (i.e., left and right PI, vAI,
and dAI) were used as seed-regions of interest (ROI) to
determine their individual connectivity pattern. The aver-
aged time course from each seed region was then entered
in a voxel-wise correlation analysis to generate the func-
tional connectivity maps. The correlation coefficient map
was converted into z maps by Fisher’s r-to-z transformation

to improve normality [Rosner, 2011]. Statistical significance
of functional connectivity was subsequently calculated with
SPM8.

To validate the main insula ROI connectivity patterns
against those published previously [Deen et al., 2011], we
first entered individual z-transformed connectivity maps
from all participants in both groups into one-sample t tests
for each ROI. The significance threshold for voxel-wise sta-
tistics was set to P< 0.05, familywise error (FWER) cor-
rected for analyses across groups (N 5 22).

To assess whole-brain differences in insula-based net-
work connectivity between musicians and nonmusicians,
we compared functional connectivity maps using indepen-
dent two-sample t tests for each ROI. A cluster-extent
based thresholding method was employed for these analy-
ses, which is widely used in fMRI research and offers
increased sensitivity to detect activations in studies with
moderate sample sizes [Friston et al., 1994; Smith and
Nichols, 2009; Woo et al., 2014]. Cluster-extent based meth-
ods account for the fact that individual voxel activations
are not independent of the activations of their neighboring
voxels in spatially smoothed data [Friston et al., 2000; Hel-
ler et al., 2006; Wager et al., 2007] and effectively reduces
the possibility of obtaining false positive clusters while
improving the degree of confidence in inferences about
specific voxels [Woo et al., 2014].

We determined cluster-extent thresholds at P< 0.05
FWER correction for multiple comparisons using Monte-
Carlo simulation and the DPABI gray matter mask, as
implemented in DPABI’s instantiation [Song et al., 2011;
Yan et al., 2016] of AlphaSim [Cox, 1996], following a
stringent primary voxel-level threshold of P< 0.001 and
smoothness estimation based on the spatial correlation
across voxels. Stringent primary thresholds are recom-
mended to avoid inaccurate FWER correction [Woo et al.,
2014]. Only those clusters surviving the FWER probability
threshold were used for statistical inference. T values of
significantly activated peak-voxels refer to MNI coordi-
nates. To measure the magnitude of the functional connec-
tivity of insula subdivisions, we computed effect sizes
using Cohen’s d (d 5 2t/sqrt(df)) [Cohen, 2013]. In addi-
tion, to control for a possible overestimation of the effect
size due to the small sample size of our groups, we

TABLE II. Mean coordinates of insular subdivisions in

MNI152 space

Left insula Right insula

Seed

Mean coordinates

(mm)

Mean coordinates

(mm)

x y z x y z

Posterior insula 238 26 5 35 211 6
Dorsal anterior insula 238 6 2 35 7 3
Ventral anterior insula 233 13 27 32 10 26
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posteriorly adjusted Cohen’s d by computing the unbiased
Cohen’s d: dunbiased 5 d [1 2 (3/4df 2 1)][Fritz et al., 2012].

Regression Analysis

To further examine changes in connectivity patterns in
musicians as a function of musical practice, regression anal-
yses were performed in SPM8 on the accumulated years of
musical training for the connectivity maps for each insular
ROI. We applied the P< 0.05 FWER correction based on

cluster extent and a primary threshold of P< 0.001 using
DPABI, as detailed above.

RESULTS

Demographic and Self-Report Data

Chi-square tests showed that the distribution of right
and left dominant hand was similar in both groups X2 (2,
N 5 22) 5 1.257, P 5 0.262). Moreover, t tests revealed no
significant differences in age (t(1,20) 5 0.713, P 5 0.485),

Figure 1.

Main patterns of functional connectivity across all participants for each insular subdivision. Signifi-

cance thresholds were set at P< 0.05, familywise error (FWER) corrected. (A) Posterior insula.

(B) Dorsal anterior insula. (C) Ventral anterior insula. Connectivity maps for left insula seeds are

shown on the left and connectivity maps for right insula seeds on the right. [Color figure can be

viewed at wileyonlinelibrary.com]
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anxiety (STAI, state: t(1,19) 5 0.989, P 5 0.616; trait:
t(1,19) 5 5.28, P 5 0.620], or depression (BDI, t(1,19) 5 1.889,
P 5 0.485) between musicians and nonmusicians (Table I).

Voxel-Wise Functional Connectivity of Insula

Subdivisions

Main connectivity patterns across all participants

Results from whole-brain connectivity analyses across
all participants replicated previously reported bilateral
connectivity patterns of left and right pAI, dAI, and vAI
[Cauda et al., 2011; Deen et al., 2011; Uddin et al., 2014].

The connectivity pattern of the posterior insula (PI; Fig.
1A) was centered on bilateral sensorimotor regions, includ-
ing the precentral gyrus (M1) and premotor areas (SMA
and pre-SMA), the postcentral gyrus (primary and second-
ary somatosensory cortices; S1 and S2), temporal and pari-
etal cortices (encompassing the supramarginal and
Heschl’s gyrus), and the cerebellum (Crus I and Crus II,
Lobule VI, VIIb, and VIII). Furthermore, the PI was con-
nected with the entire insula, frontal and rolandic opercu-
lae, and the middle cingulate cortex (MCC).

The connectivity pattern of the dorsal anterior insula

(dAI; Fig. 1B) was centered on the bilateral entire insula,
the rolandic operculum, inferior frontal and orbitofrontal
cortex, the ACC and MCC, premotor cortex, supplemen-
tary motor area (SMA), superior temporal gyrus and parie-
tal cortices (encompassing the supramarginal and Heschl’s
gyrus), the precuneus, and the cerebellum (Crus I and
Crus II, Lobule VI and VIII) (not displayed in Fig. 1B).

The connectivity pattern of the ventral anterior insula

(vAI; Fig. 1C) showed bilateral connectivity with the insu-
lar cortices, the adjacent frontal operculae, frontal and the
orbitrofrontal cortices, the anterior and middle cingulate
cortex (ACC and MCC), premotor cortex, SMA, auditory
temporal regions, parietal cortices, and the cerebellum
(Crus I and Crus II, Lobule VI, VIIb, and VIII).

Difference connectivity maps between musicians and

nonmusicians

T-contrasts of connectivity maps for each of the insula
subdivisions revealed increased functional connectivity in
musicians compared to nonmusicians. The reversed contrast
yielded no significant differences (Fig. 2 and Table III).

The left PI (Fig. 2A) showed increased functional con-
nectivity with left orbitofrontal cortex, right superior frontal
gyrus, and bilateral temporal pole. The right PI showed
increased connectivity with left orbitofrontal cortex.

The left dAI (Fig. 2B) showed increased functional connec-
tivity with left orbitofrontal cortex, bilateral superior and middle
frontal gyrus, right ACC, and right angular and supramarginal
gyrus. The right dAI showed increased functional connectivity
with bilateral superior and middle frontal gyri only.

The left vAI (Fig. 2C) showed increased functional con-
nectivity with right supramarginal gyrus, adjacent superior

temporal gyrus, and bilateral superior and middle frontal
gyrus. The right vAI showed increased connectivity in
musicians with right supramarginal, angular and superior
temporal gyrus, bilateral superior and middle frontal
gyrus, and left orbitofrontal and left insular cortex, and
right ACC/MCC.

Although similar regions appear to be connected to dif-
ferent insula subdivisions, a conjunction null analysis in
SPM8 showed no evidence for jointly connected areas.

Regression Analyses

Results from the regression analyses (Fig. 3 and Table 4)
suggest a relationship between the insular subdivision
connectivity patterns in professional musicians and years
of music training. That is, more experienced musicians
showed higher levels of resting-state connectivity with the
same regions found in the comparison between musicians
and nonmusicians. Additionally, musicians with greater
experience also showed greater insular connectivity with
primary somatosensory cortex, primary motor cortex
(hand-area), primary auditory cortex, middle occipital
gyrus, and the SMA.

DISCUSSION

This study investigated resting-state connectivity of
insula-based networks as a function of musical expertise.
The overall connectivity pattern of three insular subdivi-
sions (i.e., posterior, dorsal anterior, and ventral anterior
insula) across all participants confirmed the ones that have
been demonstrated previously [Cauda et al., 2011; Deen
et al., 2011; Uddin et al., 2014]. As predicted, professional
musicians showed greater insular connectivity than nonmu-
sicians with constituents of large-scale brain networks
involved with salience detection (i.e., anterior and medial
cingulate cortex, ACC/MCC), executive control (i.e., dorso-
lateral prefrontal cortex, DLPFC, and the temporoparietal
junction, TPJ), and affective processing (i.e., orbitofrontal
cortex, OFC, and temporal pole, TP). The reversed compari-
son showed no differences. Moreover, years of musical
training in musicians were positively correlated with con-
nectivity between the three insular subdivisions (left and
right) and sensorimotor regions involved in music produc-
tion and perception (superior temporal gyrus, primary
somatosensory, and motor cortices). Together, our current
findings indicate substantial neuroplasticity within insula-
based networks as a function of music training, expanding
prior notions of a substantial role of the insula in the prac-
tice and performance of music.

Involvement of the Insula in Music Processing

Although the insula is one of the most frequently acti-
vated regions in functional neuroimaging research in a
broad range of domains, a detailed understanding of its
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involvement in music production and perception is still
missing [Chang et al., 2013; Craig, 2009a]. Research sug-
gests that both our sense of time [Meissner and Wittmann,
2011] and the acoustic processing of musical signals

[Bamiou et al., 2003; Brown et al., 2004; Rogalsky et al.,
2011; Wong et al., 2004] can be directly linked to activity
in the insular cortex. Similarly, several music-related stud-
ies reported insula co-activation with frontal, temporal,

Figure 2.

T-maps showing significantly increased functional connectivity in

musicians relative to nonmusicians. (A) Posterior insula. (B) Dor-

sal anterior insula. (C) Ventral anterior insula. Left insula seed

connectivity is displayed on the left and right connectivity on the

right. Cluster-extent significance thresholds were set at P< 0.05

FWER correction for multiple comparisons using Monte Carlo

simulation as implemented in DPABI’s instantiation [Song et al.,

2011; Yan et al., 2016] of AlphaSim [Cox, 1996], following a

stringent primary voxel-level threshold of P< 0.001 and smooth-

ness estimation based on the spatial correlation across voxels.

SMG, supramarginal gyrus; STG, superior temporal gyrus; MCC,

middle cingulate cortex; ACC, anterior cingulate cortex; TP,

temporal pole; SFG, superior frontal gyrus; sOFC, superior orbi-

tofrontal; mOFC, middle orbitofrontal cortex; iOFC, inferior

orbitofrontal cortex. [Color figure can be viewed at wileyonline-

library.com]
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and parietal regions [Kleber et al., 2007; Pleger et al., 2006;
Zarate et al., 2010], contributing to the planning, execution,
and emotional processing of musical performance [Blood
et al., 1999; Chen et al., 2008; Platel et al., 1997; Thaut
et al., 2014]. Distinct insular activation patterns have fur-
thermore been associated with enhanced multisensory gat-
ing as a function of musicianship [Kleber et al., 2013, 2017;
Zarate and Zatorre, 2008], supporting the accurate perfor-
mance of musical tasks and the rapid acquisition of
sound-action associations [Mutschler et al., 2007].

In the context of resting state, the insula is typically attrib-
uted to salience and central executive control networks. Par-
ticularly, it has been proposed that the insula contributes to
the dynamic coordination of large-scale networks as an inte-
gral hub for salience detection and its top–down regulation

[Craig, 2009a; Critchley et al., 2004; Karnath and Baier, 2010;
Menon and Uddin, 2010; Seeley et al., 2007; Uddin et al.,
2014]. In line with this conceptual framework, a recent
resting-state study suggests greater connectivity among the
constituents of the salience network in musicians compared
to nonmusicians [Luo et al., 2014]. Based on these data, this
study aimed at providing a more detailed investigation into
insula connectivity in musicians.

Insula Connectivity Patterns in Musicians and

Nonmusicians

Following a tripartite insula model, the main patterns of
coactivation for each insula subdivision across all

TABLE III. Insula subdivision connectivity patterns in musicians versus nonmusicians

Left insula Right insula

Seed
Connectivity region (area) Cluster size

Coordinates
MNI

t dunb Cluster size

Coordinates
MNI

t dunbx y z x y z

PI

Superior frontal gyrus (BA8) R 27 24 24 48 4.18 1.72 - - - - - -
Superior orbitofrontal (BA10/Fp1) L - - - - - - 28 221 66 29 4.80 1.97
Middle orbitofrontal (BA11/Fp1) L 60 233 57 215 4.99 2.05 - - - - - -
Inferior orbitofrontal (BA47/Fo3) L 82 236 30 221 5.53 2.27 91 236 30 221 4.79 1.97
Temporal pole R 28 51 12 233 4.19 1.72 - - - - - -
Temporal pole (BA38) L 20 236 18 239 5.71 2.36 - - - - - -

dAI
Superior frontal gyrus (BA8) R 176a 27 27 48 4.70 1.93 79a 18 27 51 4.05 1.66
Middle frontal gyrus (BA6) R 176a 30 12 51 4.56 1.87 79a 24 6 45 4.45 1.83
Superior frontal gyrus (BA8) L 45a 221 15 48 4.27 1.75 48a 218 15 48 4.61 1.89
Middle frontal gyrus (BA8) L 45a 227 27 48 5.35 2.20 48a 227 27 45 4.39 1.81
Middle orbitofrontal (BA11/Fp1) L 27 233 57 215 5.59 2.30 - - - - - -
Angular gyrus (PF) R 50a 51 248 33 4.84 1.99 - - - - - -
Supramarginal gyrus (PFm) R 50a 48 239 30 4.65 1.91 - - - - - -
Anterior cingulate (Area 33) R 42 12 39 12 4.89 2.01 - - - - - -

vAI
Superior frontal gyrus (BA8) R 144a 21 18 48 5.37 2.20 204a 24 18 48 5.15 2.12
Middle frontal gyrus R 144a 27 15 54 4.80 1.92 204a 30 3 51 4.85 1.99
Superior frontal gyrus L 87a 221 9 45 5.09 2.09 167a 221 6 45 5.28 2.17
Middle frontal gyrus (BA8) L 87a 227 23 51 4.00 1.63 167a 224 3 54 5.23 2.14
Inferior orbitofrontal (BA8) L - - - - - - 62a 236 27 212 4.74 1.95
Insula L - - - - - - 62a 233 21 26 5.45 2.24
Angular gyrus (PFm) R - - - - - - 123a 51 248 33 5.55 2.28
Supramarginal gyrus (PFm) R 215a 51 242 30 5.68 2.34 123a 51 242 30 5.68 2.34
Superior temporal gyrus (BA13/PFcm) R 215a 51 236 18 4.12 1.67 - - - - - -
Anterior cingulate (BA32/33) R - - - - - - 109 6 36 15 5.02 2.11
Medium cingulate (BA31/5Ci) R - - - - - - 34 3 233 48 4.58 1.88

MNI coordinates and local maxima of whole-brain differences in insula-based network connectivity during resting state in musicians
compared to nonmusicians. A cluster-extent-based threshold at P< 0.05 FWER correction was employed to determine significance fol-
lowing a stringent primary voxel-level threshold of P< 0.001 and smoothness estimation based on the spatial correlation across voxels.
Only clusters that survived the FWER probability threshold are shown. T values of significantly activated peak-voxels refer to MNI
coordinates. Brodmann Areas (BA) labeling was performed using the Automatic Anatomic Labeling toolbox [Tzourio-Mazoyer et al.,
2002]. Probabilistic cytoarchitectonic maps for structure–function relationships in standard reference space were assigned using the
Anatomy Toolbox [Eickhoff et al., 2005]. PI, posterior insula; dAI, dorsal anterior insula; vAI, ventral anterior insula; a 5 same cluster,
dund 5 unbiased Cohen’s d.
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participants replicated previously reported results [Deen
et al., 2011; Uddin et al., 2014]. That is, the dAI showed a
“cognitive” frontoparietal connectivity pattern, whereas
the vAI showed predominant coactivation with regions
involved in affective processing (e.g., the orbitofrontal cor-
tex), and the PI mainly with sensory areas (Fig. 1). In line
with our hypothesis, direct group comparisons showed sig-
nificantly enhanced connectivity across all insula subdivisions

in professional musicians relative to nonmusicians. The
reversed comparison showed no differences. A certain degree
of overlap between coactivated regions among insula subdivi-
sions (e.g., frontal lobe and cingulate cortex) may be
expected, as the anterior insula can be involved in both dif-
ferential (i.e., domain specific) and common contributions to
fundamental aspects of cognitive processes [Uddin et al.,
2014].

Figure 3.

Results from regression analyses testing for correlations between

spontaneous BOLD fluctuation connectivity patterns of insula

subdivisions and accumulated years of training in professional

musicians. Results are thresholded at P< 0.05 FWER correction

for multiple comparisons using cluster-extent-based Monte Carlo

simulation as implemented in DPABI’s instantiation [Song et al.,

2011; Yan et al., 2016] of AlphaSim [Cox, 1996], following a

stringent primary voxel-level threshold of P< 0.001 and smooth-

ness estimation based on the spatial correlation across voxels. S1,

primary somatosensory cortex; M1, primary motor cortex; A1,

primary auditory cortex; MOG, middle occipital gyrus; SMA, sup-

plementary motor area; MCC, middle cingulate cortex; ACC,

anterior cingulate cortex; mOFC, middle orbitofrontal cortex.

[Color figure can be viewed at wileyonlinelibrary.com]
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Posterior insula connectivity in musicians

Craig [2002, 2009a, 2011] suggested a model of insula
function in which the sensory input is integrated along a
posterior-to-anterior processing scheme, generating subjec-
tive feelings from the integration of intero- and exterocep-
tive sensory information. In this model, afferent sensory
inputs representing the physiological condition of the
body travel from receptive cells in lamina I of the spinal
cord via brainstem (solitary tract and spinal trigeminal)
nuclei and the thalamus to the posterior insular cortex.
The PI is therefore considered to contain the primary inter-
oceptive representation of visceral and sensorial feelings
from the body [Pugnaghi et al., 2011]. We found that the
PI subdivision (containing also parts of the mid-insula, see
Uddin et al., 2014) showed greater connectivity in musi-
cians compared to nonmusicians, particularly with higher
level multisensory regions (i.e., the orbitofrontal cortex,
OFC, and the temporal pole, TP). This is also consistent
with previous structural and functional neuroimaging
studies that suggest a causal involvement of the PI, TP,
and the OFC in music-evoked emotions, such as visceral
reactions during emotionally laden moments (for reviews,
see Koelsch [2014] and Zatorre [2015]).

Neurofunctional studies indicate enhanced connectivity
of the TP with the OFC and the insula during the coupling
of highly processed perceptual inputs with visceral emo-
tional responses [Roesch and Olson, 2007]. In addition, the
OFC is related to the discrimination of positive and nega-
tive reward values during the experience of pleasantness/
unpleasantness in music and other hedonic tasks [Blood
et al., 1999; Blood and Zatorre, 2001; Francis et al., 1999;
Small et al., 2001]. Together, enhanced posterior (and mid-)
insula connectivity in musicians might facilitate the integra-
tion of visceral interoceptive inputs with other neural
inputs from higher order sensory regions (e.g., the temporal
pole), forming a combined representation of salient features
in an individual’s internal and external environment [Kar-
nath and Baier, 2010; Mutschler et al., 2007]. In the same
vein, more accentuated visceral reactions in professional
musicians have been associated with behavioral modifica-
tions in respiratory and cardiovascular patterns in response
to increased tempo and emotionally relevant music sequen-
ces [Bernardi et al., 2006; Blood and Zatorre, 2001; Haas
et al., 1986]. Enhanced integration of respiratory and cardio-
vascular signals could therefore also facilitate the control of
musical tempo, harmony, timbre, and intensity. In broader
terms, our data suggest that musical training alters the reg-
ulation and integration of interoceptive information in the
PI [Bernardi et al., 2006; Blood et al., 1999; Craig, 2002,
2009b; Haas et al., 1986; Koelsch, 2014].

The anterior insula in musicians

Several models have proposed a functional distinction
between the dorsal and ventral anterior insula, in which
the dorsal anterior insula is associated with higher level

cognitive processes and the ventral anterior insula with
the subjective evaluation of feelings states [Craig, 2002;
Dosenbach et al., 2007; Nelson et al., 2010; Seeley et al.,
2007]. Previous resting-state studies furthermore suggest
that the vAI and dAI interface between the emotional and
cognitive aspects of novelty detection [Menon and Uddin,
2010; Seeley et al., 2007; Uddin et al., 2014]. Analogous to
this functional distinction, the AI is described as a switch-
node between the “central-executive network” and the
“salience network,” thus modulating the top–down control
of behaviorally relevant signals across sensory modalities
[Craig, 2009a, 2009b; Crottaz-Herbette and Menon, 2006;
Menon and Uddin, 2010; Seeley et al., 2007].

Both the ventral and the dorsal AI showed enhanced
functional connectivity in musicians relative to nonmusi-
cians, particularly with regions involved with salience
detection, subjective evaluation, and cognition. However,
in contrast to the functional organization previously pro-
posed for dorsal (cognitive) and ventral (affective) anterior
insula [Menon and Uddin, 2010; Uddin et al., 2014], we
found a partly reversed and partly overlapping pattern in
the left anterior insula in professional musicians relative to
nonmusicians. That is, the left vAI was connected with
bilateral DLPFC, right SMG (cognitive network), and right
STG, whereas the left dAI showed additional connectivity
with right ACC and the left OFC (salience and affective
networks, respectively). Increased connectivity between
the left vAI with auditory regions and the cognitive net-
work on one hand and between the left dAI with regions
of the affective and salience networks on the other hand
might facilitate a shift between salience and executive
processing, thereby supporting domain-general access to
attention and control systems [Menon and Uddin, 2010;
Uddin, 2014]. As resting-state networks are closely related
to neural subsystems revealed by task-activation fMRI
[Cole et al., 2014], this could reflect altered central repre-
sentations of bodily information in musicians to generate
more appropriate behavioral responses in a music perfor-
mance context [Craig, 2002; Fauvel et al., 2014; Luo et al.,
2014; Menon and Uddin, 2010; Schirmer-Mokwa et al.,
2015; Seeley et al., 2007; Strait and Kraus, 2011; Taylor
et al., 2009].

We also found that co-activation patterns differed
between the right and the left anterior insula. That is, in
addition to both left and right vAI showing increased func-
tional connectivity with the bilateral DLPFC and the right
TPJ, the right vAI also showed increased functional con-
nectivity with other regions involved in interoception and
bodily perception such as the ACC, the MCC, the insula,
and the OFC (Fig. 2C). The right AI cortex anticipates the
sensory and affective consequences of touch [Lovero et al.,
2009], yet functional asymmetry of the insula has also
been ascribed to differences in ascending and descending
connections [Allen et al., 2016; Bastos et al., 2015]. Intrigu-
ingly, unique functions have been ascribed to the right
ventral AI [Craig, 2009a; Critchley et al., 2004; Kleber
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et al., 2013; Nieuwenhuys, 2012; Seeley et al., 2011; Uddin,
2014], based on a unique abundance of von Economo neu-
rons (VENs) in both the right ventral AI and the ACC
(Seeley et al., 2011). The large axons of VENs enhance the
communication between both regions, which in turn facili-
tates the interaction with frontal and temporal areas to
benefit the intuitive assessment of complex situations [All-
man et al., 2010]. As multisensory integration and the sub-
jective evaluation of sensory feedback are defining
characteristics of professional musicians [Altenm€uller,
2008], an increased number of coactivated regions with the
right vAI could be related to increased attention to musi-
cally relevant sensory information and increased self-
evaluation in musicians [Strait and Kraus, 2011; Thaut
et al., 2014; Zatorre et al., 1994, 1999]. This may in turn
explain enhanced sensorimotor integration [Kleber et al.,
2013; Riecker et al., 2000] and movement awareness [Baier
and Karnath, 2008; Karnath and Baier, 2010] in musicians.
The right vAI is moreover crucial for subjective evaluation
(Craig 2002, 2009), which is in good agreement with recent
behavioral studies that demonstrated similar subjective
pain ratings to thermal and pressure stimulation in
healthy musicians and chronic pain patients [Zamorano
et al., 2014] and enhanced interoceptive accuracy in musi-
cians [Schirmer-Mokwa et al., 2015].

Insula Connectivity As a Function of Musical

Training

Despite the moderate sample size, regression analyses
revealed that musicians with more years of musical experi-
ence also showed greater functional connectivity with the
PI, the dAI, and the vAI. That is, experience increased
insular co-activation with lateral and contralateral regions
of sensorimotor (i.e., primary somatosensory and motor
cortices, SMA, MCC), auditory systems (i.e., middle and
superior temporal gyrus), in addition to the middle occipi-
tal cortex (MOG), which is closely related to visual-motor
actions [Astafiev et al., 2004], and the bilateral OFC. These
results expand prior evidence for more efficient interhemi-
spheric communication [Hughes and Franz, 2007] and
greater neural plasticity in more experience musicians to
the insular cortex [Brown et al., 2015; Herholz and Zatorre,
2012]. We propose that insula networks are far more sensi-
tive to functional reorganization as a consequence of long-
term musical practice than previously acknowledged.

Limitations

This study may comprise some limitations. A first issue
arises from the fact that only female trained musicians vol-
unteered for this fMRI study. Previous studies have demon-
strated gender differences during neural processing of
music and music-related stimuli, showing that females have
a greater level of bilateral brain functioning compared to
males, who show a predominant asymmetrical laterality

[Koelsch et al., 2003a, 2003b]. Therefore, we cannot general-
ize our results to male musicians. In addition, the partici-
pants were classical-trained musicians and we cannot rule
out the possibility that insula-based connectivity differs in
other musical genres. However, as musicians in this study
belonged to several different instrumental groups (string,
keyboard, and woodwind), our data could reflect common
consequences of musical training rather than specialized
instrument-specific effects. Another issue is that resting-
state fMRI exposes participants to continuous scanner noise.
Therefore, we cannot completely rule out that differences in
insular connectivity patterns might have been biased by
auditory processes in musicians and nonmusicians. How-
ever, this is unlikely as recent studies have not found
between-group differences in auditory network activation
during resting state [Palomar-Garc�ıa et al., 2017] nor when
comparing standard continuous acquisition with sparse
acquisition [Yakunina et al., 2016]. Another consideration
concerns global signal removal. There is currently no con-
sensus on the removal of global signal when computing
resting-state functional connectivity, as this may not only
introduce distortions (i.e., artefactual autocorrelations) in
BOLD signals [Murphy and Fox, 2017] but could also
remove neural information related to vigilance awareness
[Wong et al., 2013, 2016]. Therefore, we did not perform
global signal regression and our results must be interpreted
in the context of the method applied. Finally, correlations
between spontaneous BOLD fluctuation and years of musi-
cal training are based on a limited number of participants.
Future studies should replicate these results in bigger
samples.

CONCLUSIONS

To the best of our knowledge, these data provide first
evidence that the training and performance of music can
lead to profound neuroplastic changes in insula-based net-
works involved in bottom–up and top–down processing of
multisensory and motor signals [Chang et al., 2013]. The
connectivity pattern of insular subdivisions in musicians
encompassed constituents of large-scale networks impli-
cated in salience detection, emotional experience, and
higher level cognitive control. As resting-state fMRI activ-
ity is associated with neural subsystems revealed by task-
activation fMRI [Cole et al., 2014], our results lend support
to a critical role of the insula subserving the integration of
sensorimotor information, emotional expression, and cog-
nitive control during music performance [Kleber et al.,
2013, 2017; Koelsch, 2014; Thaut et al., 2014]. In the light of
recent findings of maladaptive sensory processes in
trained musicians [Zamorano et al., 2014], increased insu-
lar connectivity could furthermore represent a potential
neural correlate that facilitates the development of pain
syndromes [Kuner and Flor, 2016]. Future studies on
music processing should therefore consider the insula as a
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central gateway for multisensory integration in music per-
ception and production.
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