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A B S T R A C T

Recent resting-state fMRI studies associated extensive musical training with increased insula-based connectivity in
large-scale networks involved in salience, emotion, and higher-order cognitive processes. Similar changes have
also been found in chronic pain patients, suggesting that both types of experiences can have comparable effects on
insula circuitries. Based on these observations, the current study asked the question whether, and if so in what
way, different forms of experience-dependent neuroplasticity may interact. Here we assessed insula-based con-
nectivity during fMRI resting-state between musicians and non-musicians both with and without chronic pain,
and correlated the results with clinical pain duration and intensity. As expected, insula connectivity was increased
in chronic pain non-musicians relative to healthy non-musicians (with cingulate cortex and supplementary motor
area), yet no differences were found between chronic pain non-musicians and healthy musicians. In contrast,
musicians with chronic pain showed decreased insula connectivity relative to both healthy musicians (with
sensorimotor and memory regions) and chronic pain non-musicians (with the hippocampus, inferior temporal
gyrus, and orbitofrontal cortex), as well as lower pain-related inferences with daily activities. Pain duration
correlated positively with insula connectivity only in non-musicians, whereas pain intensity exhibited distinct
relationships across groups. We conclude that although music-related sensorimotor training and chronic pain,
taken in isolation, can lead to increased insula-based connectivity, their combination may lead to higher-order
plasticity (metaplasticity) in chronic pain musicians, engaging brain mechanisms that can modulate the conse-
quences of maladaptive experience-dependent neural reorganization (i.e., pain chronification).
1. Introduction

Musical training has been widely used as a framework for under-
standing the mechanisms by which experience can modify various as-
pects of brain function and structure (Barrett et al., 2013; Herholz and
Zatorre, 2012; Jancke, 2009; Klein et al., 2016; Lappe et al., 2011; Pantev
et al., 2015; Rosenkranz et al., 2007; Schlaug, 2015). A common finding
is that accumulated musical training leads to several adaptive (i.e.,
beneficial) effects on the brain, meaning that plastic changes in neural
systems correlate with enhanced performance at behavioral levels
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(Foster and Zatorre, 2010; Hyde et al., 2009; Schneider et al., 2002). This
principle has also been supported by training paradigms with adult
non-musicians (Chen et al., 2012; Lahav et al., 2007). In trained musi-
cians, however, earlier commencement with skill acquisition coincides
with a greater extent of neuroplastic changes (Baer et al., 2015; Elbert
et al., 1995; Kleber et al., 2016; Penhune, 2011; Schlaug, 2015; Steele
et al., 2013). On the other hand, extensive repetitive sensorimotor
training required for mastering a musical instrument also has a dark side.
Particularly, as extensive practice routines can also lead to the develop-
ment of focal dystonia (Altenmüller, 2003) and chronic pain (Steinmetz
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et al., 2015). While compromised motor function in focal dystonia has
been attributed to maladaptive changes in the brain (Altenmüller et al.,
2015; Altenmüller and Muller, 2013), however, the pathophysiology
underlying chronic pain in skilled musicians remains unknown.

Epidemiological studies indicate that about 80% of musicians expe-
rience musculoskeletal pain syndromes throughout their careers (Cruder
et al., 2018; Kok et al., 2016; Steinmetz et al., 2015), an incidence rate
that is about 60% higher than in the general population (Breivik et al.,
2006) and that it is even higher in music students (Brandfonbrener, 2009;
Steinmetz et al., 2012). Etiological factors that have been linked to this
above-average occurrence of pain syndromes include age, gender, accu-
mulative playing time in combination with repetitive movements and
instrument specific ergonomics, high-stress performance situations, and
psychological traits (Ioannou et al., 2018; Jabusch et al., 2004; Kenny
and Ackermann, 2013; Steinmetz et al., 2015). However, a neural
explanation is lacking. We propose that the heightened and continuous
integration of sensory and motor information may facilitate the devel-
opment of pain syndromes, in line with primate genesis models of re-
petitive strain injuries (Byl et al., 1996).

Neurobiological investigations of pain syndromes have associated the
transition from acute to chronic pain with maladaptive processes in
neural circuits (Kuner and Flor, 2016). This includes altered brain dy-
namics associated with impaired descending inhibition (Gebhart, 2004;
Porreca et al., 2002), abnormal brain connectivity patterns during resting
state (Balenzuela et al., 2010; Baliki et al., 2011, 2014; Ichesco et al.,
2014), and maladaptive cortical reorganization (Flor et al., 1995, 1997).
Within these brain dynamics, the insular cortex is consistently reported
as a critical network-hub in the processing of both acute and chronic pain
(Cottam et al., 2018; Tan et al., 2017). Specifically, the posterior insula
(PI) is associated with pain discrimination and the anterior insula (AI)
with pain awareness (Craig, 2002, 2009b; Segerdahl et al., 2015; Wiech
et al., 2014). Increased functional connectivity between the insula and
other modulatory brain areas (i.e., anterior cingulate cortex, ACC, and
medial prefrontal cortex, mPFC) has therefore been suggested as a form
of maladaptive neuroplasticity that contributes to pain chronification
(Baliki et al., 2011; Cifre et al., 2012; Ichesco et al., 2012, 2014).

On the other hand, recent resting-state fMRI studies with healthy
musicians also reported increased insula-based connectivity compared to
healthy non-musicians, particularly with brain regions involved in body
awareness, salience processing, executive control, and emotional expe-
rience (Luo et al., 2014; Zamorano et al., 2017). The insula is also known
to support interoceptive awareness (Critchley et al., 2004), which seems
to be enhanced in musicians and dancers (Christensen et al., 2017;
Schirmer-Mokwa et al., 2015). An enhancement of sensory awareness
following sensorimotor training may thus be associated with
insula-based plasticity, representing a neural correlate for comparable
acute pain sensitivity in healthy musicians and chronic pain patients
relative to healthy non-musicians at the behavioral level (Zamorano
et al., 2014). This suggests that experience-dependent adaptation of the
insula at the network level could pose a risk for the development of
pain-related maladaptive neuroplastic processes, for example by pro-
voking the loss of central endogenous pain control mechanisms (Bushnell
et al., 2013; Ossipov et al., 2014). However, recent studies have found
that musicians are able to segregate and integrate task-related multi-
sensory signals in the presence of sensory perturbations by adaptively
regulating insula connectivity in order to maintain performance accuracy
(Kleber et al., 2013, 2017). A similar strategy could be employed to help
regulating sensory inputs and pain perception in order to continue
musical performance and practice in the presence of repetitive strain
injuries.

To address and dissociate these questions, we examined patterns of
fMRI resting-state brain connectivity in musicians and non-musicians
both with and without chronic pain. Acknowledging the importance of
the insula as a sensory integration hub, we used a seed-based approach
following the functionally defined tri-partite model of insula sub-regions
provided by Deen et al. (2011). We hypothesized that insula-based
2

connectivity with posterior (PI), ventral anterior (vAI), and dorsal ante-
rior (dAI) insula reflects changes in central processing due to intensive
sensorimotor training and chronic pain. Following our previous behav-
ioral observations (Zamorano et al., 2014), we proposed that healthy
musicians and chronic pain non-musicians would demonstrate similar
patterns of insula co-activation. Given that, both chronic pain and
sensorimotor music training have been associated with greater insula
connectivity (Baliki et al., 2011; Cifre et al., 2012; Ichesco et al., 2014;
Luo et al., 2014; Zamorano et al., 2017), we furthermore expected
accumulative effects in neural circuits in chronic pain musicians. Alter-
natively, we also considered the possibility that enhanced regulation of
multisensory inputs might lead to different insula connectivity patterns
in chronic pain musicians (Kleber et al., 2013, 2017).

2. Materials and methods

2.1. Participants

Participants with chronic pain consisted of 12 professional classical
musicians (chronic pain musicians, CPM; mean age 26.4� 8.7 yrs) and
14 non-musicians (chronic pain non-musicians, CPNM, 31.9� 7.8 yrs).
All of them suffered from persistent upper back pain (neck and/or dorsal
back pain) for more than 6 months, of which three participants suffered
additionally from lower back pain. Healthy participants consisted of 11
classical musicians (healthy musicians, HM; mean age 32.3� 11.4 yrs)
and 12 non-musicians (healthy non-musicians, HNM; 28.1� 7.3 yrs),
who also participated in our previous study (Zamorano et al., 2017). No
participant used opiates, gabapentin, or pregabalin for pain treatment.
One CPM and three CPNM occasionally used nonsteroidal
anti-inflammatory drugs (NSAIDs) and/or paracetamol. Medication for
non-pain related disorders involved birth control and female hormonal
drugs (n¼ 3 CPM). Three CPNM took benzodiazepine (1–5mg per day),
of which one also took serotonin reuptake inhibitors. One HM was
removed due to fMRI artifacts. Due to reported sex differences in the
processing of pain (Fillingim et al., 2009), all participants were female.
Exclusion criteria included the presence of neurological diseases or
pregnancy. All participants were verbally informed about the details of
the 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.

2.2. Musical expertise

All musicians were conservatory-trained instrumentalists. CPM con-
sisted of 8 string, 3 keyboard, and 1 wood-wind players. Seven CPMwere
musical students and five were professional orchestral musicians and
soloist. HM consisted of 5 string, 2 piano, and 4 wood-wind players. Five
HM were musical students and the other six were professional orchestral
and soloist musicians. The average amount of accumulated musical
training was 19.2 (�9.4) years for CPM and 20.5 (�5.9) years for HM.
The average hours of daily practice was 4.1 (�1.7) and 3.6 (�2.2) hours,
respectively. The average age at commencement with formal musical
training was 7.2 (�2.6) years in CPM and 8.6 (�2.9) years in HM. Non-
musicians did not receive any kind of formal or informal musical
training.

2.3. Psychometric and clinical assessment

All participants completed the Spanish versions of Beck’s Depression
Inventory II – BDI (Sanz et al., 2003) and the State-Trait Anxiety In-
ventory - STAI (Spielberger et al., 1971). The Edinburgh Handedness
Inventory determined handedness (Oldfield, 1971). Chi-square tests
were adopted for testing the distribution of right and left hand domi-
nance in all groups. Participants with chronic pain underwent a
semi-structured clinical interview, including questions about pain dura-
tion, intensity, and location, as well as psychosocial factors involved in
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the maintenance of pain by completing the West-Haven Yale Multidi-
mensional Pain Inventory of Pain - WHYMPI (Kerns et al., 1985).
Moreover, subjective ratings of current pain intensity were assessed
immediately after the rs-fMRI scan in all participants to control for the
possible effects of the scanner noise and the restrained posture on
discomfort and pain.

2.4. fMRI image acquisition and preprocessing

fMRI image acquisition and preprocessing parameters were equal to
our previous study (Zamorano et al., 2017). Magnetic resonance imaging
was performed with a 3 T Signa HDx scanner (General Electric, GE
Healthcare, Milwaukee, WI). Whole brain echo-planar images (n¼ 240)
were acquired over a period of 10min with eyes closed (32 transversal
slices per volume; 3mm slice thickness; 90� flip angle; repetition time
[TR]: 2500ms; echo time [TE]: 35ms; 64 x 64 matrix dimensions;
200mm field of view). Structural imaging consisted of T1-weighted
images (176 slices per volume; repetition time [TR]: 7796ms; echo
time [TE]: 2.98ms; matrix dimensions, 512 x 512; 240mm field of view;
1mm slice thickness; 12� flip angle). Scanner noise was decreased by
�36db using in-ear hearing protection. In addition, MRI foam-cushions
were placed over the ears to restrict head motion and to further reduce
scanner noise.

Functional image preprocessing was performed with the Data Pro-
cessing Assistant for Resting-State fMRI (DPARSF; Chao-Gan and
Yu-Feng, 2010) based on the Statistical Parametric Mapping software
package (SPM8; http://www.fil.ion.ucl.ac.uk/spm) and the Data Pro-
cessing & Analysis of Brain Imaging toolbox (DPABI; http://rfmri.
org/DPABI DPARSF_V3.1_141101). The first 10 vol from each data set
were discarded prior to preprocessing. Following slice-time correction
and co-registration, gray and white matter were segmented from
co-registered T1 images using the unified segmentation model (Ash-
burner and Friston, 2005). The resulting parameter file was used to
normalize the functional images (3mm3 voxel size) to standard Montreal
Neurological Institute (MNI) stereotactic space, subsequently smoothed
with an isotropic Gaussian kernel (FWHM: 6mm3). Nuisance regression
parameters included white matter (WM), cerebrospinal fluid (CSF), and
the 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 introducing distortions of BOLD signal (Murphy
et al., 2009). Head motion was below 2.0mmmaximum displacement or
2.0� of any angular motion for all participants. A temporal filter
(0.006–0.1 Hz) was applied to reduce low frequency drifts and high
frequency physiological noise.

2.5. Voxel-wise functional connectivity analyses

Six functionally segregated insular subdivisions were provided as
template images in MNI stereotactic space by Deen et al. (2011). They
consisted of (left and right) posterior (PI), dorsal anterior (dAI), and
ventral anterior (vAI) insula (mean coordinates are given in Supple-
mentary Table S1). These six regions of interest (ROIs) were used as seeds
to determine their individual connectivity patterns (averaged time
course) and were entered into a voxel-wise correlation analysis to
generate functional connectivity maps. Correlation coefficients were
converted into z values using Fisher’s r-to-z transformation in order to
improve data normality before submitting them to statistical analyses
(Rosner, 2011).

2.6. Statistical analyses

2.6.1. fMRI
Statistical analyses were performed in SPM8 and data entered into a 2

x 2 full-factorial ANOVA with the factors MUSICIANSHIP (musicians vs
non-musicians) and PAIN (chronic pain vs healthy) for each of the six
3

insula sub-divisions, analogous to our previous approach (Zamorano
et al., 2017). First, we performed post-hoc one-sample t-tests to validate
connectivity patterns per insula subdivision in each group against pre-
viously published data (Deen et al., 2011; Uddin et al., 2014; Zamorano
et al., 2017). For this reason, voxel-based familywise error corrected
(FWER) significance threshold of p< 0.05 was employed for this test to
be maximally comparable with these previous studies.

An F-test assessed main and interaction effects between the factors
MUSICIANSHIP and PAIN, followed by post-hoc Student’s t tests
comparing (i) CPNM with HNM, (ii) HM with CPNM, (iii) CPM with
CPNM, and (iv) CPM with HM.

For the aforementioned tests, we used a cluster-extent based thresh-
olding method to correct for multiple comparisons. Cluster-extent based
thresholding reflects the spatially correlated nature of fMRI signal, ac-
counting for the fact that individual voxel activations are not indepen-
dent of the activations of their neighboring voxels in spatially smoothed
data (Friston et al., 2000; Heller et al., 2006; Wager et al., 2007). This
widely used method in fMRI research is more sensitive (i.e., more
powerful) to detect true activations in studies with moderate sample sizes
(reducing Type II errors), while effectively controlling for Type I errors
(Friston et al., 2000; Smith and Nichols, 2009; Woo et al., 2014; Nichols
and Hayasaka, 2003). We employed cluster-extent based thresholding
using Monte Carlo simulation as implemented in DPABI’s instantiation of
AlphaSim (Cox, 1996; Song et al., 2011; Yan et al., 2016). We used a
stringent primary voxel-threshold of p< 0.001 and smoothness estima-
tion based on the spatial correlation across voxels to reduce the possi-
bility of obtaining false positive clusters (i.e., inaccurate FWER correction
at p< 0.05) and/or large activation clusters, which also improves the
degree of confidence in inferences about specific locations/voxels (Woo
et al., 2014). Only clusters surviving the FWER probability threshold
were used for statistical inference.

2.6.2. Behavioral
The effects of age, anxiety, and depression on musicians and non-

musicians were assessed using analyses of variance (ANOVAs) with the
between-subject factors MUSICIANSHIP (musicians vs non-musicians)
and PAIN (chronic pain vs healthy individuals). Age and psychometric
test results (STAI and BDI questionnaires) were used as dependent vari-
ables. Significant interactions were examined using Bonferroni corrected
post-hoc pairwise comparisons.

In CPM and CPNM, two-sample t-tests were performed on the vari-
ables “pain duration”, “pain intensity”, and the “WHYMPI” subscales. In
musicians, two-sample t-tests were also run on music experience data.
Statistical significance was set to p< 0.05. Analyses were carried out
with SPSS (v.19, SPSS Inc., Chicago, IL, USA).

2.6.3. Regression
Multiple regression analyses were performed in SPM8 for each insular

ROI to assess connectivity maps in relation to the amount of years
suffering pain and pain intensity in CPM and CPNM. In CPM, multiple
regressions were also performed with accumulated musical training.
Cluster-extent FWER correction was applied as detailed above.

In order to estimate the magnitude of both significant behavioral and
functional connectivity results, we computed effect sizes for F-tests,

multiple regression, and post-hoc t-tests using the formulas of Cohen’s bf

(bf ¼ sqrt((dfeffect/N)(Feffect - 1)), Cohen’s ƒ2 (f2¼ R2/1-R2), and Cohen’s
d (d¼ 2t/sqrt(df)), respectively (Cohen, 2013). In a second step, to
control for an overestimation of effect sizes due to the moderate sample
size of our groups, we posteriorly adjusted Cohen’s d by computing the
unbiased Cohen’s d: dunbiased¼ d [1 – (3/4df - 1)] (Fritz et al., 2012).

Significantly activated peak-voxels refer to MNI coordinates.
Anatomical areas were assigned using the Anatomy Toolbox whenever
possible (Eickhoff et al., 2005). Otherwise, the Automated Anatomical
Labeling atlas of Tzourio-Mazoyer was used (AAL; Tzourio-Mazoyer
et al., 2002).
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Table 1
Psychometric and clinical characteristics of all participants.

Musicians Non-musicians

Chronic
pain
(n¼ 12)

Healthy
(n¼ 10)

Chronic
pain
(n¼ 14)

Healthy
(n¼ 12)

Age (y) 26.4 (8.7) 32.3 (11.4) 31.9 (7.8) 28.1(7.3)
Dominant Hand (L/
R)

2/10 1/9 1/13 0/12

Age of onset musical
training

7.2 (2.6) 8.6 (2.9) N/A N/A

Accumulated
musical training
(years)

19.2 (9.4) 20.5 (5.9) N/A N/A

Daily music practice
(hours)

4.1 (1.7) 3.6 (2.2) N/A N/A

Average pain
intensity (0–10
NRS)

4.1 (2.0) N/A 3.6 (2.0) N/A

Pain intensity after
scan

3.25 (2.4) 0.27 (0.45) 3.76 (2.4) 0 (0)

Duration of pain
(years)

7.2 (3.5) N/A 8.6 (5.8) NA

Depression 6.7 (5.8) 6.2 (6.7) 9.4 (9.7) 4.6 (3.8)
State Anxiety 18.4 (10.5) 12.1 (5.4) 10.8 (6.8) 14.2 (11.6)
Trait Anxiety 17.4 (8.8) 12.4 (3.8) 17.1 (12.2) 13.8 (8.4)
WHYMPI
Interference 1.8 (1.1) N/A 2.2 (1.6) N/A
Support 3.7 (1.1) N/A 3.1 (1.6) N/A
Pain Severity 2.6 (1.2) N/A 2.7 (1.3) N/A
Life-Control 3.7 (1.3) N/A 3.8 (1.2) N/A
Affective Distress 2.2 (1.4) N/A 2.5 (1.5) N/A
Negative Responses 1.0 (1.5) N/A 0.7 (0.9) N/A
Solicitous Responses 3.5 (0.8) N/A 3.5 (1.5) N/A
Distracting
Responses

3.4 (1.3) N/A 2.9 (1.4) N/A

Household Chores 1.3 (0.9) N/A 2.5 (0.9)** N/A
Outdoor work 2.9 (0.9) N/A 3.8 (0.9)* N/A
Activity away from
home

2.6 (1.4) N/A 3.6 (1.1) N/A

Social activities 3.1 (1.7) N/A 4.3 (1.1)* N/A
General activity 2.5 (0.7) N/A 3.5 (0.7)** N/A

Abbreviations: L, left; R, right; N/A, not applicable. Pain intensity: 0¼ no pain at
all and 10¼ the strongest imaginable pain. WHYMPI: The West Haven-Yale
Multidimensional Pain Inventory. All values represent mean and standard devi-
ation (SD) in brackets. * ¼ p < 0.05, ** ¼ p < 0.005.
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2.7. Data availability

The data that support the findings of this study are available upon
reasonable request from the corresponding author, [AZ]. The data are not
publicly available due to legal restrictions, as the containing information
could compromise the privacy of research participants.

3. Results

3.1. Demographic and psychometric data

Chi-square tests revealed that handedness did not differ in any of the
groups formed by the factors MUSICIANSHIP and PAIN (X2 (4,
N¼ 48)¼ 2.244, p¼ 0.523). Likewise, ANOVAs (Table 1) revealed no

significant differences in age (F(1,44)¼ 3.07, p¼ 0.61; bf ¼ 1.37), anxi-

ety (STAI-state: (F(1,43)¼ 3.32, p¼ 0.075; bf ¼ 1.45), or depression (BDI,

(F(1,43)¼ 1.051, p¼ 0.311; bf ¼ 0.21). Post-hoc t-tests revealed no sig-
nificant differences between CPM and CPNM regarding pain intensity
ratings (t(1,23)¼ 0.424, p¼ 0.521; dunb¼ 0.17) and pain duration
(t(1,23)¼ 0.987, p¼ 0.331; dunb¼ 0.40). In contrast, pain interference
with other activities (WHYMPI) was significantly different between CPM
and CPNM for household chores activities (t(1,23)¼ 3.201, p< 0.005;
dunb¼ 1.31), outdoor work (t(1,23)¼ 2.451, p< 0.05; dunb¼ 1.00), so-
cial activities (t(1,23)¼ 2.237, p< 0.005; dunb¼ 0.91), and general ac-
tivity (t(1,23)¼ 3.396, p< 0.005; dunb¼ 1.39), indicating greater
interferences in non-musicians (Table 1). CPM and HM did not differ
with respect to their total years of training (t(1,20)¼ 0.447, p¼ 0.660;
dunb¼ 0.19), daily amount of practice (hours) (t(1,20)¼ 0.132,
p¼ 0.896; dunb¼ 0.05), and age of onset with music training
(t(1,20)¼ 1.196, p¼ 0.246; dunb¼ 0.52).

3.2. Voxel-wise functional connectivity of insular subdivisions

3.2.1. Main connectivity patterns across groups
Whole-brain connectivity maps for left and right PI, dAI, and vAI in

each group are shown in Supplementary Figures S1, S2 and S3. Overall
connectivity patterns replicate those reported previously (Deen et al.,
2011; Uddin et al., 2014; Zamorano et al., 2017). For the sake of clarity,
we only summarize the main patterns for each insula subdivision in this
section.

The posterior insula (PI; Fig. S1) showed consistent sensorimotor
connectivity patterns, including bilateral primary motor (M1), primary
and secondary somatosensory cortices (S1 and S2), as well as the puta-
men and the globus pallidus. Connectivity also involved the supra-
marginal gyrus (SMG), superior and middle temporal gyrus (STG, MTG),
the insula (dAI, vAI), the operculae (frontal, temporal, and rolandic), and
the middle cingulate cortex (MCC).

The dorsal anterior insula (dAI; Fig. S2) showed consistent connectivity
patterns with bilateral supplementary motor area (SMA proper and pre-
SMA), the putamen and the globus pallidus. Connectivity also involved
the SMG, Heschl’s gyrus, STG, MTG, the insula (PI, vAI), the operculae
(frontal, temporal, and parietal), the inferior frontal cortex (IFC), and the
anterior cingulate cortex (ACC).

The ventral anterior insula (vAI; Fig. S3) showed consistent connec-
tivity with bilateral frontal and the orbitrofrontal cortices, the insula (PI,
dAI), the operculae (orbital, frontal, and temporal), the ACC and MCC,
premotor cortex (BA6), SMA, auditory regions in the STG, and parietal
regions. Connectivity also involved the basal ganglia (putamen, pal-
lidum, and caudate) and the thalamus.

3.2.2. Main and interactions effects for musicianship and chronic pain
A main effect of MUSICIANSHIP was found in left dAI and bilateral

vAI (Fig. 1A, Table 2). In the left dAI, this involved right superior frontal
gyrus (SFG) and right pregenual ACC (pgACC). In the left vAI, this
involved left pgACC and in the right vAI, the right superior frontal gyrus
4

(SFG) and pgACC.
A main effect of PAIN was found in bilateral PI and right vAI (Fig. 1B,

Table 2).
In the bilateral PI, this involved the cerebellum (bilateral Lobule VII

and left vermis). In the right vAI, this involved the right cuneus.
An interaction effect was found between PAIN and MUSICIANSHIP in

all insula subdivisions except the left dAI (Fig. 1C, Table 2).
In the left PI, this involved left orbitofrontal cortex (OFC) and in the

right PI, the left OFC, temporal pole, and SMA.
In the right dAI, this involved bilateral OFC and right temporal pole.
In the left vAI, this involved right superior frontal gyrus (SFG), right

SII, SMG, left thalamus, right putamen, and hippocampus and in the right
vAI, the left SFG, right SII, SMG, anterior MCC, SMA, and SPL (BA5).

Post-hoc comparisons revealed a consistent pattern, indicating
increased connectivity in CPNM and HM, and decreased connectivity in
CPM and HNM (Fig. 2, Tables 3 and 4).

3.2.3. Difference connectivity maps between CPNM and HNM
Increased insular connectivity was found in CPNM compared to HNM

(Fig. 2A, Table 3) between the following regions:
The left vAI with the right pgACC and the right vAI with the right

SMA, anterior MCC, pgACC, and insula.
The reversed contrast yielded no significant differences.



Fig. 1. Results from a linear contrast (F-test), showing significant main and interaction effects of insula connectivity during resting-state. Significance thresholds for
between-group differences were set at p> 0.05 (FWER), using a cluster-extent based thresholding method. (A) Main effect of musicianship. (B) Main effect of chronic
pain. (C) Interaction effect between musicianship and chronic pain. Bar graphs show contrast estimates and 90% confidence intervals. The direction of this interaction
was identical across regions. Colors indicate connectivity with insula subdivisions: green¼ posterior insula (PI); yellow¼ dorsal anterior insula (dAI); red¼ ventral
anterior insula (vAI). Right side represents right insula connectivity and left side represents left insula connectivity. Abbreviations: SMG, supramarginal gyrus; SMA,
supplementary motor area, SFG, superior frontal gyrus; aMCC, anterior middle cingulate cortex; pgACC, pregenual anterior cingulate cortex; SFG, superior frontal
gyrus; OFC, orbitofrontal cortex; SII, secondary somatosensory cortex; TP, temporal pole; VII-VIII, cerebellar lobules.
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Table 2
Main effects and interaction of musicianship and chronic pain.

Seed Left Insula Right Insula

Connectivity region (area) Cluster size Coordinates MNI Cluster size Coordinates MNI

x y z F bf x y z F bf

Main Effect of Musicianship

dAI
SFG (BA6) R 51 30 6 54 18.90 4.01 – – – – – –

pgACC – R 45 12 36 18 22.20 4.32 – – – – – –

vAI
SFG – R – – – – – – 36 24 27 51 19.03 4.02
pgACC – R 46 3 42 18 19.69 4.10 79 6 39 15 23.91 4.54

Main Effect of Chronic Pain

PI
Cerebellum

Lobule VIIa R – – – – – – 75 21 �78 �48 24.51 4.42
Lobule VIIb R 52 12 �72 �57 19.38 3.91 – – – – – –

Vermis R 39 6 �90 �21 21.49 4.13 – – – – – –

vAI
Cuneus R – – – – – – 37 12 �87 39 17.92 3.75

Interaction between Musicianship and Chronic Pain

PI
OFC (Fo3) L 86 �42 24 �9 25.92 4.77 132a �42 24 �12 16.96 3.82
Temporal pole (BA38) L – – – – – – 132a �45 18 �21 21.60 4.34
SMA – L – – – – – – 38 �6 24 45 19.25 4.09

dAI
OFC (Fo3) L – – – – – – 64 �39 21 �15 32.96 5.40
OFC (Fo3/BA47) R – – – – – – 56a 36 27 �18 27.50 4.92
Temporal pole R – – – – – – 56a 45 18 �18 22.16 4.40

vAI
SFG – R 51 21 12 45 22.23 4.41 – – – – – –

SFG – L – – – – – – 53 �21 12 45 18.11 3.96
aMCC – R – – – – – – 57a 6 15 33 19.15 4.07
SMA (BA6) R – – – – – – 57a 3 12 45 20.73 4.25
SPL (5ci/BA5) R – – – – – – 46 3 �30 45 18.78 4.03
SII (PF & OP1) R 53 54 �36 15 17.47 3.88 76a 51 �27 12 16.31 3.74
SMG (hlP1) R 64 51 �42 30 26.61 4.84 76a 63 �36 15 20.56 4.23
Hippocampus (CA2) R 67a 33 �12 �15 18.33 3.98 – – – – – –

Putamen – R 67a 33 �12 0 12.83 3.29 – – – – – –

Thalamus (P&S) L 55 �23 �21 3 20.44 4.22 – – – – – –

MNI coordinates and local maxima of whole-brain differences (t-contrasts) in insula-based network connectivity during resting state between chronic pain non-
musicians (CPNM), chronic pain musicians (CPM), and healthy non-musicians (HNM). The comparison between healthy musicians (HM) and CPNM yielded no sig-
nificant differences. Only results that survived a cluster-extent based threshold of p< 0.05 (FWER correction) are shown. T-values of significantly activated peak-voxels
refer to MNI coordinates (a¼ same cluster). Brodmann Areas (BA) labeling was performed using the Automatic Anatomic Labeling toolbox (AAL; 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). Abbreviations: PI, posterior insula; dAI, dorsal anterior insula; vAI, ventral anterior insula; aMCC, anterior middle cingulate cortex, pgACC, pregenual anterior
cingulate cortex; ITG, inferior temporal gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area; OFC, orbitofrontal cortex; SII, secondary somatosensory
cortex;.SPL, Superior Parietal Lobe; SMG, Supramarginal Gyrus.
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3.2.4. Difference connectivity maps between HM and CPNM
Significant differences between HM and CPNM were limited to the

tertiary visual cortex with the left dAI (coordinates: 6,�90, 33, t¼ 3.88),
the right dAI (coordinates: 6,-90, 33, t¼ 4.77), and the right vAI (co-
ordinates: 6, �90, 33, t¼ 3.49).

3.2.5. Difference connectivity maps between CPM and CPNM
Decreased functional connectivity was found in CPM compared to

CPNM (Fig. 2B, Table 3) between the following regions:
The right PI with the vermis in the cerebellum. The left dAI with the

right hippocampus and the vermis, and the right dAI with the right hip-
pocampus and the left inferior temporal gyrus (ITG). The bilateral vAI
with the right hippocampus.

The reversed contrast yielded no significant differences.

3.2.6. Difference connectivity maps between CPM and HM
Decreased connectivity was found in CPM compared to HM (Fig. 2C,

Table 4) between the following regions:
The left PI with bilateral ITG, left OFC, left hippocampus, and right
6

cerebellum (Lobule VI, VII, and VIII), and the right PI with bilateral OFC,
right SFG and left MFG, right ACC, left SPL, left rectus gyrus, and right
cerebellum (Lobule VI and VII).

The left dAI with right ITG and the cerebellum (lobule VI, VII and
VIII), and the right dAI with bilateral inferior temporal gyrus (ITG), left
MTG, right hippocampus, left thalamus, right OFC, and the cerebellum
(Lobule VI).

The left vAI with right SMA and the right vAI with right S1, bilateral
MCC, right SMG, and the cerebellum (Crus 1 and Lobule VII).

No differences were found for the reversed contrast.
3.3. Regression results

Among individuals with chronic pain (CPNM and CPM), multiple
regression allowed us to determine which regions involved in the insula-
based networks (Table 5) corresponded to chronic pain intensity ratings,
the duration of chronic pain symptoms, and years of accumulated music
training.

In CPM, the duration of chronic pain symptoms did not correspond to



Fig. 2. T-maps showing significant group differences in functional insula connectivity during resting-state. Significance thresholds for between-group differences were
set at p> 0.05 (FWER), using a cluster-extent based thresholding method. (A) Chronic pain non-musicians (CPNM) showed increased connectivity compared to
healthy non-musicians (HNM). (B) Chronic pain musicians (CPM) showed decreased connectivity compared to CPNM. (C) CPM showed decreased connectivity
compared to healthy musicians (HM). Colors indicate connectivity with respective insula subdivisions: green¼ posterior insula (PI); red¼ ventral anterior insula (vAI);
yellow¼ dorsal anterior insula (dAI). Right side represents right insula connectivity and left side represents left insula connectivity. Abbreviations: SMG, supra-
marginal gyrus; SPL, superior parietal lobe; STG, superior temporal gyrus; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; aMCC, anterior middle cingulate
cortex; pgACC, pregenual anterior cingulate cortex; SFG, superior frontal gyrus; OFC, orbitofrontal cortex; M1, primary motor cortex; S1, primary somatosensory
cortex; VII-VIII, cerebellar lobules.
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Table 3
Post-hoc comparisons of connectivity patterns: CPNM vs HNM and CPM vs CPNM.

Seed Left Insula Right Insula

Connectivity region (area) Cluster size Coordinates MNI t dunb Cluster size Coordinates MNI t dunb

x y z x y z

Contrast CPNM vs HNM

vAI
pgACC (Area 33/BA24) R 39 6 30 15 3.93 1.16 68 6 30 15 4.83 1.43
aMCC (BA32) R – – – – – – 56a 6 12 38 3.43 1.01
SMA (BA32) R – – – – – – 56a 12 9 51 4.96 1.47
vAI (BA13) R – – – – – – 36 36 12 �15 5.15 1.52

Contrast CPM vs CPNM

PI
Cerebellum (Vermis) R – – – – – – 109 0 �51 �3 �5.07 1.50

dAI
ITG (BA8) L – – – – – – 91 �57 �18 �27 �4.32 1.27
Hippocampus (CA2) R 46 30 �12 �15 - 4.13 1.22 96 30 �12 �15 �4.86 1.43
Cerebellum (Vermis) R 39 6 �45 �9 - 4.55 1.35 – – – – – –

vAI
Hippocampus (CA2) R 47 30 �12 �15 - 4.61 1.36 35 30 �12 �15 �4.14 1.22

MNI coordinates and local maxima of whole-brain differences (t-contrasts) in insula-based network connectivity during resting state between chronic pain non-
musicians (CPNM), chronic pain musicians (CPM), and healthy non-musicians (HNM). The comparison between healthy musicians (HM) and CPNM yielded no sig-
nificant differences. Only results that survived a cluster-extent based threshold of p< 0.05 (FWER correction) are shown. T-values of significantly activated peak-voxels
refer to MNI coordinates (a¼ same cluster). Brodmann Areas (BA) labeling was performed using the Automatic Anatomic Labeling toolbox (AAL; 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). Abbreviations: PI, posterior insula; dAI, dorsal anterior insula; vAI, ventral anterior insula; aMCC, anterior middle cingulate cortex, pgACC, pregenual anterior
cingulate cortex; ITG, inferior temporal gyrus; SFG, superior frontal gyrus; SMA, supplementary motor area.
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insula connectivity patterns. Chronic pain intensity ratings corresponded
with both increased and decreased connectivity patterns in insula-based
networks (Fig. 3A, Table 5):

In the right dAI, higher pain intensity was linked to increased con-
nectivity with bilateral pgACC and right dorsolateral prefrontal cortex
(DLPFC). In the right vAI, higher pain intensity was linked to decreased
connectivity with right subgenual ACC.

Accumulated musical training corresponded with patterns of
increased insula connectivity (Fig. 3B, Table 5):

In the left and right PI greater musical experience was linked to
increased connectivity with bilateral ventrolateral prefrontal cortex
(VLPFC). In the left vAI, more experienced CPM participants showed
increased connectivity with left primary auditory cortex.

In CPNM, multivariate regression revealed a correspondence between
both the duration of chronic pain symptoms and pain intensity with
patterns of decreased insula connectivity.

Pain duration (Fig. 3C, Table 5):
In the right dAI, longer duration of chronic pain was related to

decreased connectivity with regions involved in the Default Mode
Network (DMN; left precuneus) and Sensorimotor Network (SMN; right
M1, Area 4a). In the right vAI, longer duration of chronic pain symptoms
was related to decreased connectivity within regions of the DMN (left
precuneus and retrosplenial cortex) and the SMN (M1, Area 4a).

Pain intensity (Fig. 3D, Table 5):
In the right dAI, higher pain intensity was related to decreased

connectivity with the rostral ventromedial medulla (RVM).

4. Discussion

In the present study, we used resting-state fMRI to investigate insula-
based connectivity patterns in musicians and non-musicians both with
and without chronic back pain. The principal findings that emerged from
this study where (i) that both extensive sensorimotor training in healthy
musicians and chronic pain in non-musicians can trigger similar changes
within neural networks involved in multisensory processing, whereas (ii)
insula connectivity was significantly decreased in CPM compared to both
HM and CPNM. This novel finding suggests that although both intensive
musical training and chronic pain, taken in isolation, have been
8

associated with increased insula-based connectivity, the presence of
chronic pain in professional musicians appears to produce the reversed
pattern.

4.1. Insula connectivity in chronic pain non-musicians

The insula is implicated in a large number of widely different func-
tions, ranging from pain, interoception, language, and sensorimotor
processes to salience detection, homeostasis, emotions, empathy, and
higher-order cognitions (Craig, 2009b; Nieuwenhuys, 2012). Specif-
ically, the insula participates as a centrally located brain region in the
switching between networks involved in the detection of salient events,
including sensory and pain processes (Brooks and Tracey, 2007; Cauda
et al., 2011; Cottam et al., 2018; Menon and Uddin, 2010; Seeley et al.,
2007; Segerdahl et al., 2015; Uddin, 2015; Uddin et al., 2014; Wiech
et al., 2010). Hierarchically organized along a
posterior-to-mid-to-anterior integration scheme (Craig, 2002, 2009b),
pain discrimination has been associated with the posterior insula (PI)
(Segerdahl et al., 2015; Wiech et al., 2014), and pain evaluation with the
dorsal anterior insula (dAI; cognitive), as well as the ventral anterior
insula (vAI; affective) (Ploghaus et al., 1999; Ploner et al., 2011; Wiech
et al., 2010).

Resting-state fMRI studies have demonstrated distorted neural
communication in different types of chronic pain, characterized as
distinct patterns of neural reorganization (Baliki et al., 2014; Cottam
et al., 2018) that involve increased insula connectivity with the ACC,
mPFC, and bilateral insula (Baliki et al., 2011; Cifre et al., 2012; Ichesco
et al., 2014). In accordance with these data, the comparison of CPNM and
HNM in the current study confirmed increased connectivity between
bilateral vAI and pgACC (affective evaluation), and between right vAI
with aMCC, SMA (motor guidance), and the ipsilateral insula (Fig. 2A,
Table 3).

This pattern coincides with higher pain-related inferences in CPNM
with daily activities, indicating that alterations in brain circuits are
related to behavioral and motivational consequences of chronic pain
(Wiech and Tracey, 2013). Both animal and human studies highlight a
role of the pgACC in the affective evaluation of pain states (Bliss et al.,
2016; Johansen et al., 2001) and the corresponding regulation of



Table 4
Post-hoc comparisons of connectivity patterns: CPM vs HM.

Seed Left Insula Right Insula

Connectivity region (area) Cluster size Coordinates MNI t dunb Cluster size Coordinates MNI t dunb

x y z x y z

PI
SFG (BA8) L 62 �42 21 �12 �4.31 1.27 67 24 27 51 �5.03 1.49
OFC (Fo3/BA47) R – – – – – – 108 �36 30 �21 �4.86 1.43
OFC (BA47) L – – – – – – 50 38 27 �18 �4.23 1.25
OFC (Fo2/BA11) R – – – – – – 81 15 21 �15 �4.09 1.21
sgACC (s24) R – – – – – – 100 5 21 �9 �3.79 1.22
pgACC (BA32) L – – – – – – 199a 9 43 12 �4.35 1.28
SMA (BA6) L 70 �5 33 42 �4.83 1.43 199a 6 27 42 �4.21 1.24
M1 (4a) L – – – – – – 193a �1 �33 51 �4.11 1.21
PCC – L – – – – – – 193a �3 �42 21 �3.99 1.18
Hippocampus (DG) L 37 �27 �27 �12 �4.58 1.35 – – – – – –

ITG – L 41 �39 12 �42 �4.17 1.23 – – – – – –

ITG (FG2) R 49 57 �63 �27 �3.91 1.15 – – – – – –

Cerebellum
Lobule VI R 44 3 �78 �15 �3.56 1.05 119 6 �84 �24 �4.59 1.35
Lobule VIIb R 36 12 �75 �57 �4.83 1.43 – – – – – –

Lobule VIIa R – – – – – – 181 18 �78 �48 �5.18 1.53
Lobule VIIIa L 46 �24 �60 �45 �3.97 1.17 – – – – – –

dAI
OFC (BA47) R – – – – – – 36 38 27 �18 �4.42 1.30
MTG (BA21) L – – – – – – 54 �66 �30 �15 �5.10 1.51
ITG – L – – – – – – 55 �57 �15 �30 �4.60 1.36
ITG (FG2/BA37) R 41 54 �57 �21 �4.02 1.19 51 51 �63 �21 �4.34 1.28
Thalamus (Parietal) L – – – – – – 39 �12 �33 �6 �4.69 1.39
Hippocampus (Subiculum) R – – – – – – 153 24 �21 �18 �4.61 1.36
Cerebellum

Lobule VI R 111a 36 �51 �30 �4.48 1.32 153 33 �42 �27 �5.33 1.57
Lobule VIIa R 111a 33 �57 �36 �4.16 1.23 – – – – – –

Lobule VIIIb L 57a �24 �48 �48 �4.34 1.28 – – – – – –

vAI
S1 (BA2 & 3) R – – – – – – 38 30 �39 51 �4.37 1.29
SPL (BA5/5m) L – – – – – – 75a �6 �36 45 �4.58 1.35
SPL (BA5/5ci) R – – – – – – 75a 3 �30 45 �4.27 1.26
SMG – R 98 48 �42 27 �4.55 1.34 40 48 �42 30 �3.90 1.15
Cerebellum

Lobule VIIa R – – – – – – 78 33 �60 �45 �4.07 1.20

MNI coordinates and local maxima of whole-brain differences (t-contrasts) in insula-based network connectivity during resting state. Only clusters that survived the
FWER probability threshold are shown. Only results that survived a cluster-extent based threshold of p< 0.05 (FWER correction) are shown. T-values of significantly
activated peak-voxels refer to MNI coordinates (a¼ same cluster). Brodmann Areas (BA) labeling was performed using the Automatic Anatomic Labeling toolbox (AAL;
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). Abbreviations: PI, posterior insula; dAI, dorsal anterior insula; vAI, ventral anterior insula; aMCC, anterior middle cingulate cortex;
sgACC, subgenual anterior cingulate cortex; pgACC, pregenual anterior cingulate cortex; ITG, inferior temporal gyrus; M1, primary motor cortex; MTG, middle temporal
gyrus; OFC, orbitofrontal cortex; PCC, posterior cingulate cortex; S1, primary somatosensory cortex; SFG, superior frontal gyrus; SMA, supplementary motor area; SMG,
supramarginal gyrus; SPL, superior parietal lobe; VII-VIII, cerebellar lobules.
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autonomic outputs (Vogt, 2005). Together with the insula, the pgACC is
involved in the encoding of emotional and motivational aspects of pain,
thus contributing to the development of chronic pain (Baliki and
Apkarian, 2015; Bliss et al., 2016). The aMCC is moreover associated
with pain avoidance behavior (Vogt, 2005) and related adaptive control
(Shackman et al., 2011), encompassing a network that involves the
anterior insula and SMA (Cauda et al., 2011; Hoffstaedter et al., 2014). In
the same line of evidence, longer duration of chronic pain was associated
with decreased connectivity with the motor cortex and regions of the
DMN, whereas higher ratings of pain intensity were linked to decreased
connectivity with the RVM, suggesting altered descending pain modu-
lation (Lee et al. 2008).
4.2. Insula connectivity in healthy musicians

In a previous resting-state fMRI study, we found enhanced insula-
based connectivity in HM compared to HNM with key constituents of
large-scale networks involved in salience, executive, and affective pro-
cessing (Zamorano et al., 2017). Although a specific role of the insula in
music perception and production has not yet been established, insula
functions support music by contributing to our sense of time (Craig,
9

2009a; Wittmann et al., 2010), the integration of sound (Bamiou et al.,
2003; Remedios et al., 2009; Wong et al., 2004), as well as the emotional
and cognitive evaluation of music (Altenmüller et al., 2014; Koelsch,
2014). Structure and function of the anterior insula have been linked to
the perception of internal bodily states (i.e., interoception; Critchley
et al., 2004), which is enhanced in classically trained musicians and
dancers (Christensen et al., 2017; Schirmer-Mokwa et al., 2015). Such
skills likely support music production, which depends on a highly
developed capacity to segregate and integrate sensory information with
the planning and execution of motor actions (Brown et al., 2015; Chen
et al., 2012). Particularly, the right anterior insula has been identified as
a key region that supports motor accuracy by gating multisensory signals
of salience as a function of musical expertise (Kleber et al., 2013, 2017).

Considering that both musical training and chronic pain drive
behaviorally relevant changes in perceptual systems (Herholz and
Zatorre, 2012; Kuner and Flor, 2016), we hypothesized that enhanced
integration of multisensory information is a common characteristic un-
derlying corresponding reorganization within insula-based networks.
Consistent with this notion, we found no evidence for differences in
insula connectivity patterns between HM and CPNM (Figs. S1, S2, and
S3), except for the tertiary visual cortex (V3). We speculate that both



Table 5
Correlations between insula connectivity maps with pain duration, pain intensity, and accumulated music training.

Seed Left Insula Right Insula

Connectivity region (area) Cluster size Coordinates MNI t R f2 Cluster size Coordinates MN t R f2

x y z x y z

Pain Intensity (CPM)

dAI
DLPFC – R – – – – – – – 39 48 21 27 14.13 0.617 0.61
pgACC – R – – – – – – – 43a 3 30 12 18.09 0.620 0.62
pgACC – R – – – – – – – 43a �6 45 9 10.13 0.610 0.59

vAI
sgACC (s24) R – – – – – – – 34 0 33 �9 �12,11 �0.612 0.60

Accumulated Musical Training (CPM)

PI
VLPFC L 56 �51 33 6 10.33 0.667 0.80 32 �48 39 �9 11.66 0.668 0.80
VLPFC R 90a 54 36 �6 16.36 0.667 0.80 76 51 39 �3 16.55 0.675 0.83

vAI
A1 L 62 �51 �15 0 13.48 0.664 0.78 – – – – – – –

Pain Duration (CPNM)

dAI
Precuneus L – – – – – – – 40 �3 �66 45 9.04 �0.771 1.46
M1 (Area 4a) R – – – – – – – 39 0 �39 69 5.05 �0.744 1.23

vAI
Precuneus L – – – – – – – 43 �6 �66 42 �9.34 �0.766 1.42
M1 (Area 4a) L – – – – – – – 39 0 �39 69 �5.05 �0.738 1.19
Calcarine-RSC L – – – – – – – 123 �16 �58 10 �6.86 �0.740 1.21

Pain Intensity (CPNM)

dAI
RVM R – – – – – – – 38 6 �33 �42 - 8.97 �0.559 0.45

MNI coordinates and local maxima of from regression analyses testing for correlations between each insular subdivision connectivity map with the amount of years
suffering clinical pain, the clinical pain intensity, and accumulated musical training (musicians only). Correlations with pain duration yielded no significant effect in
CPM. Only results that survived a cluster-extent based threshold of p< 0.05 (FWER correction) are shown. T-values of significantly activated peak-voxels refer to MNI
coordinates (a¼ same cluster). Abbreviations: A1, Primary auditory cortex; CPNM, chronic pain non-musicians; CPM, chronic pain musicians; PI, posterior insula; dAI,
dorsal anterior insula; vAI, ventral anterior insula; DLPFC, dorsolateral prefrontal cortex; M1, primary motor cortex; pgACC, pregenual anterior cingulate cortex; RSC,
Retrosplenial cortex; RVM, Rostro-ventromedial medulla; sgACC, subgenual anterior cingulate cortex; VLPFC, ventrolateral prefrontal cortex.
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extensive sensorimotor training in musicians and chronic pain in
non-musicians may trigger comparable adaptations within neural net-
works involved with multisensory processing, thus confirming analogous
behavioral results in which similar pain sensitivity was found in HM and
CPNM relative to HNM (Linari-Melfi et al., 2011; Zamorano et al., 2014).

Indeed, a comparison of connectivity patterns of CPNM versus HNM
in the current study and HM versus HNM in a previous study (Zamorano
et al., 2017) indicates partly overlapping (between right vAI with right
ACC and MCC) but also distinct patterns of increased connectivity, the
latter being mainly related to sensorimotor regions involved in music
performance. This could reflect evidence for shared neural correlates
between HM and CPNM related to the integration of sensory inputs
(Uddin, 2015; Zamorano et al., 2014). In fact, non-nociceptive and
nociceptive stimulation engage not only overlapping brain areas (Ian-
netti et al., 2008; Mouraux and Iannetti, 2009) but non-nociceptive sig-
nals also activate nociceptive pathways (Legrain et al., 2011; Valentini
et al., 2012). Specifically, the posterior and anterior insula respond
equally to pain perception and non-nociceptive stimulation (Liberati
et al., 2016), thus lending support to our hypothesis.

4.3. Insula connectivity in chronic pain musicians: evidence for
metaplasticity

Metaplasticity refers to the “plasticity of synaptic plasticity”
(Abraham and Bear, 1996), which can broadly be defined as synaptic
correlates of an individual’s learning history (Muller-Dahlhaus and Zie-
mann, 2015). This concept has recently been applied to a musical
framework, in which early experience-dependent optimization of neural
functions can modulate subsequent neuroplasticity of the nervous system
in ways that may either facilitate or prevent maladaptive changes
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(Altenmüller and Furuya, 2016). Based on above’s hypothesis that HM
and CPNM may share common mechanisms of sensory perception and
related insula-based connectivity (Zamorano et al., 2014, 2017), we
initially expected that chronic pain would further aggravate this form of
neuroplasticity in musicians (Baliki et al., 2014; Kuner and Flor, 2016).
However, the opposite was the case.

Decreased insula connectivity was found in CPM relative to both HM
and CPNM. Compared to CPNM, this involved regions implicated in
memory and learning (hippocampus and ITG), and sensorimotor char-
acteristics of pain (cerebellum) (Fig. 2B, Table 3), whereas decreased
insular connectivity compared to HM (Fig. 2C, Table 4) was focused on
brain regions associated with sensorimotor processing (S1, M1, SMG,
ACC, MCC, and cerebellum), reward (OFC), and memory (hippocampus,
ITG and MTG). These regions were also identified in an interaction effect
between PAIN and MUSICIANSHIP, perhaps indicating a form of
metaplasticity.

Sensory perturbation studies with healthy musicians suggest a close
relationship between insula activation patterns and task-related modu-
lation of sensory inputs during motor performance (Kleber et al., 2013,
2017). Specifically, when somatosensory input was perturbed during
singing via anesthesia of vocal folds mucosa, right anterior insula activity
was down-regulated and its connectivity with bilateral primary auditory
cortex (A1), S1, and M1 decreased in trained singers. Conversely, when
auditory feedback was masked with noise, right anterior insula activity
was up-regulated and its functional connectivity with inferior parietal,
frontal, and voice-relevant somatosensory-motor areas was increased.
Importantly, this pattern was mirror-reversed in non-musicians and did
not support vocal performance. We speculate that musicians may employ
similar strategies to dissociate movements from pain perception, perhaps
as an intrinsically developed pain coping mechanism (Fields, 2004;



(caption on next column)

Fig. 3. Results from multiple regression analyses for each insular ROI to assess
connectivity maps in relation to the amount of years suffering pain and pain
intensity in CPM and CPNM. In CPM, multiple regressions were also performed
with accumulated musical training. A.) Pain intensity in chronic pain musicians
(CPM). Insula connectivity maps did not correlate significantly with chronic
pain duration in this group. B) Amount of accumulated music training in CPM.
C) Pain intensity chronic pain non-musicians (CPNM). D. Pain intensity in
CPNM. Significance thresholds were set at p> 0.05 (FWER), using a cluster-
extent based thresholding method. Detailed information is provided in
Table 5. Colors indicate connectivity with respective insula subdivisions:
green¼ posterior insula (PI); red¼ ventral anterior insula (vAI); yellow¼ dorsal
anterior insula (dAI). Right side represents right insula connectivity and left side
represents left insula connectivity. Abbreviations: RSC, retrosplenial cortex; M1,
primary motor cortex; RVM, rostroventral medulla; DLPFC, dorsolateral pre-
frontal cortex; pgACC, pregenual ACC; sgACC, subgenual ACC.

A.M. Zamorano et al. NeuroImage 202 (2019) 116103

11
Wiech and Tracey, 2013; Zeidan et al., 2015).
In the current study, regression results in CPM showed that higher

pain intensity correlated with increased connectivity between the right
dAI and the pgACC (i.e., similar to CPNM vs HNM) but also with
decreased connectivity between the right vAI with the subgenual ACC.
Interestingly, activity in this region is inversely related to pain relief in
chronic pain patients (Schweinhardt et al., 2006; Zeidan et al., 2015) and
may be linked to lower pain-related interference with other activities,
which we observed in CPM compared to CPNM in the current study. The
latter findings are remarkable, considering the comparable levels of pain
intensity between CPM and CPNM on one hand and the same amount of
musical practice between CPM and HM on the other hand. Based on these
data, we suggest that professional musicians can cope more efficiently
with pain to continue playing their instrument (Gasenzer et al., 2017;
Steinmetz et al., 2015) and may experience less fear of pain-related
movements (Picavet et al., 2002).

4.4. The role of appraisal and motivation in CPM

Among the common regions that showed decreased connectivity with
the anterior insular in CPM relative to both HM and CPNM were the
hippocampus and the ITG. Both are associated with pain reappraisal,
emotional coping, as well as the learning and consolidation of emotional
memories (Ji et al., 2003; Tracey and Mantyh, 2007; Vachon-Presseau
et al., 2016). When pain becomes chronic, increased connectivity be-
tween the hippocampus and the posterior insula can be observed (Mutso
et al., 2014), whereas hippocampal dysfunctions have been linked to
diminished pain perception (Gol and Faibish, 1967), despite a preserved
capacity to detect light touch (Liu and Chen, 2009). Decreased connec-
tivity of the insula with the hippocampus and ITG could therefore reflect
emotional coping mechanisms (Pecen et al., 2017; Zeidan and Vago,
2016).

Brain areas central to reward and motivated behavior are critical for
the modulation of acute pain and the mediation of chronic pain (Nav-
ratilova and Porreca, 2014), suggesting that the brain’s (meso-
corticolimbic) emotion circuitry is not only affected by but also crucially
involved in the control and coping of persistent pain (Vachon-Presseau
et al., 2016). In this context, it should be mentioned that musicians often
describe pain as an inherent and inevitable characteristic of high-level
musical performance practice (Dommerholt, 2009; Gasenzer et al.,
2017), following a “no pain, no gain” model that is associated with
positive expectations, appetitive motivational states, and the conscious
or subconscious choice to ignore pain (Fields, 2004, 2014; Quarrier,
1993). As emotional satisfaction can profoundly reduce or even reverse
brain activation patterns during painful stimulation (Colloca and Bene-
detti, 2006; Kamping et al., 2016), motivational aspects of playing an
instrument may engage protective factors that can help musicians to cope
with pain (Fields, 2004; Tracey and Mantyh, 2007).
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4.5. Limitations

Several limitations must be considered in this study. First, only female
participants were tested due to reported sex-differences in the processing
of pain (Fillingim et al., 2009). Therefore, we cannot make inferences
regarding the effects of pain and sensorimotor training on insula-based
functional connectivity in male musicians. Second, the small sample
size of this study presents an additional limiting factor for generalizing
our results. Third, we did not perform acute pain sensitivity tests, which
prevents us from making more behaviorally relevant conclusions. How-
ever, we found similar behavioral patterns in a previous study with HM
and CPNM (i.e., comparable tactile and pain sensitivity; Zamorano et al.,
2014), which supports the current results. Likewise, although three
CPNM reported using centrally acting medication, the overall results in
this group are in line with previously published effects of pain on brain
networks. No CPM used centrally acting drugs, which excludes the pos-
sibility that reduced insula connectivity in this group can be explained on
this basis. Another limitation of resting state fMRI that should be taken
into account is the exposure to scanner noise, which can reduce the
robustness and the replicability of functional connectivity findings
within the somatosensory, auditory, and motor networks (Andoh et al.,
2017). However, prior rs-fMRI studies have not revealed significant
differences in auditory network activation between musicians and
non-musicians due to scanner noise (Palomar-Garcia et al., 2017).
Moreover, we found no evidence for altered pain ratings due to
discomfort related to body position or scanner. Future studies may also
consider alternative strategies for estimating resting state networks as a
function of chronic pain and musicianship, such as high-density EEG
(Klein et al., 2016).

5. Conclusions

To the best of our knowledge, this is the first study investigating in-
teractions between chronic pain and extensive sensorimotor training (i.e.
musical training) in the brain. The observed patterns of decreased and
increased insula connectivity between professional musicians and non-
musicians with and without chronic pain indicates that the effects of
chronic pain on professional musicians and non-musicians are inversed.
In conclusion, our data suggest that unnatural postures may be a neces-
sary but not a sufficient explanation for the above-average prevalence of
pain syndromes among professional musicians (Steinmetz et al., 2015).
Instead, we propose that heightened sensory awareness facilitates the
transition to chronic pain in combination with peripheral overuse in-
juries, which may occur as a consequence of individual practice routines
(Dommerholt, 2009; Williamon and Valentine, 2000). Finally, insula
connectivity patterns in professional musicians with chronic pain suggest
novel mechanisms of pain modulation, which may be related to multi-
sensory integration and motivational factors that can have important
implications for the assessment and treatment of pain.

Funding

This work was supported by the Spanish Ministry of Science and
Innovation and European Regional Development Funds (#PSI2010-
19372, #PSI2013-48260-C3-1); the Regional Government of the Balearic
Islands and European Regional Development Funds (#BOIB num. 68-07/
05/2011) and the Danish National Research Foundation (DNRF117).

Conflicts of interest

The authors report no competing interests.

Acknowledgements

We acknowledge the support provided by the Superior Music Con-
servatory and the Symphony Orchestra of the Balearic Islands. We also
12
thank Dr. Benjamin Deen and Dr. Kevin Pelphrey for kindly providing us
with insula ROIs from their earlier work. We are furthermore grateful to
Juan Gea for his help with data acquisition as well as to Dr. Ralf Veit and
Dr. Stephanie Kullmann for support with data analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuroimage.2019.116103.

References

Abraham, W.C., Bear, M.F., 1996. Metaplasticity: the plasticity of synaptic plasticity.
Trends Neurosci. 19, 126–130.

Altenmüller, E., 2003. Focal dystonia: advances in brain imaging and understanding of
fine motor control in musicians. Hand Clin. 19, 523–538 (xi).

Altenmüller, E., Furuya, S., 2016. Brain plasticity and the concept of metaplasticity in
skilled musicians. Adv. Exp. Med. Biol. 957, 197–208.

Altenmüller, E., Ioannou, C.I., Lee, A., 2015. Apollo’s curse: neurological causes of motor
impairments in musicians. Prog. Brain Res. 217, 89–106.

Altenmüller, E., Muller, D., 2013. A model of task-specific focal dystonia. Neural Netw.
48, 25–31.

Andoh, J., Ferreira, M., Leppert, I.R., Matsushita, R., Pike, B., Zatorre, R.J., 2017. How
restful is it with all that noise? Comparison of Interleaved silent steady state (ISSS)
and conventional imaging in resting-state fMRI. NeuroImage 147, 726–735.

Altenmüller, E., Siggel, S., Mohammadi, B., Samii, A., Munte, T.F., 2014. Play it again,
Sam: brain correlates of emotional music recognition. Front. Psychol. 5, 114.

Association, WM, 1991. Declaration of Helsinki. Law Med Health Care 19, 264–265.
Ashburner, J., Friston, K.J., 2005. Unified segmentation. Neuroimage 26, 839–851.
Baer, L.H., Park, M.T., Bailey, J.A., Chakravarty, M.M., Li, K.Z., Penhune, V.B., 2015.

Regional cerebellar volumes are related to early musical training and finger tapping
performance. Neuroimage 109, 130–139.

Balenzuela, P., Chernomoretz, A., Fraiman, D., Cifre, I., Sitges, C., Montoya, P.,
Chialvo, D.R., 2010. Modular organization of brain resting state networks in chronic
back pain patients. Front. Neuroinf. 4, 116.

Baliki, M.N., Apkarian, A.V., 2015. Nociception, pain, negative moods, and behavior
selection. Neuron 87, 474–491.

Baliki, M.N., Baria, A.T., Apkarian, A.V., 2011. The cortical rhythms of chronic back pain.
J. Neurosci. 31, 13981–13990.

Baliki, M.N., Mansour, A.R., Baria, A.T., Apkarian, A.V., 2014. Functional reorganization
of the default mode network across chronic pain conditions. PLoS One 9, e106133.

Bamiou, D.E., Musiek, F.E., Luxon, L.M., 2003. The insula (Island of Reil) and its role in
auditory processing. Literature review. Brain research. Brain research reviews 42,
143–154.

Barrett, K.C., Ashley, R., Strait, D.L., Kraus, N., 2013. Art and science: how musical
training shapes the brain. Front. Psychol. 4, 713.

Bliss, T.V., Collingridge, G.L., Kaang, B.K., Zhuo, M., 2016. Synaptic plasticity in the
anterior cingulate cortex in acute and chronic pain. Nat. Rev. Neurosci. 17, 485–496.

Brandfonbrener, A.G., 2009. History of playing related pain in 330 university freshman
music students. Med. Probl. Perform. Artist. 24, 30–36.

Breivik, H., Collett, B., Ventafridda, V., Cohen, R., Gallacher, D., 2006. Survey of chronic
pain in Europe: prevalence, impact on daily life, and treatment. Eur. J. Pain 10,
287–333.

Brooks, J.C., Tracey, I., 2007. The insula: a multidimensional integration site for pain.
Pain 128, 1–2.

Brown, R.M., Zatorre, R.J., Penhune, V.B., 2015. Expert music performance: cognitive,
neural, and developmental bases. Prog. Brain Res. 217, 57–86.

Bushnell, M.C., Ceko, M., Low, L.A., 2013. Cognitive and emotional control of pain and its
disruption in chronic pain. Nat. Rev. Neurosci. 14, 502–511.

Byl, N.N., Merzenich, M.M., Jenkins, W.M., 1996. A primate genesis model of focal
dystonia and repetitive strain injury: I. Learning-induced dedifferentiation of the
representation of the hand in the primary somatosensory cortex in adult monkeys.
Neurology 47, 508–520.

Cauda, F., Geminiani, G., D’Agata, F., Duca, S., Sacco, K., 2011. Discovering the
somatotopic organization of the motor areas of the medial wall using low-frequency
BOLD fluctuations. Hum. Brain Mapp. 32, 1566–1579.

Chao-Gan, Y., Yu-Feng, Z., 2010. DPARSF: a MATLAB toolbox for "pipeline" data analysis
of resting-state fMRI. Front. Syst. Neurosci. 4, 13.

Chen, J.L., Rae, C., Watkins, K.E., 2012. Learning to play a melody: an fMRI study
examining the formation of auditory-motor associations. Neuroimage 59,
1200–1208.

Christensen, J.F., Gaigg, S.B., Calvo-Merino, B., 2017. I can feel my heartbeat: dancers
have increased interoceptive accuracy. Psychophysiology 55(4) (e13008).

Cifre, I., Sitges, C., Fraiman, D., Munoz, M.A., Balenzuela, P., Gonzalez-Roldan, A.,
Martinez-Jauand, M., Birbaumer, N., Chialvo, D.R., Montoya, P., 2012. Disrupted
functional connectivity of the pain network in fibromyalgia. Psychosom. Med. 74,
55–62.

Cohen, J., 2013. Statistical power analysis for the behavioral sciences. Academic press.
Colloca, L., Benedetti, F., 2006. How prior experience shapes placebo analgesia. Pain 124,

126–133.

https://doi.org/10.1016/j.neuroimage.2019.116103
https://doi.org/10.1016/j.neuroimage.2019.116103
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref1
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref1
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref1
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref2
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref2
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref2
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref3
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref3
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref3
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref4
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref4
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref4
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref5
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref5
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref5
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref126
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref126
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref126
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref126
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref6
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref6
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref127
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref127
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref7
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref7
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref8
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref8
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref8
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref8
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref9
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref9
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref9
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref10
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref10
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref10
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref11
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref11
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref11
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref12
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref12
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref13
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref13
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref13
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref13
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref14
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref14
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref15
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref15
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref15
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref16
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref16
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref16
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref17
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref17
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref17
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref17
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref128
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref128
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref128
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref18
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref18
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref18
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref19
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref19
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref19
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref20
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref20
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref20
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref20
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref20
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref21
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref21
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref21
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref21
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref22
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref22
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref23
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref23
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref23
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref23
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref24
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref24
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref25
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref25
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref25
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref25
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref25
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref129
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref26
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref26
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref26


A.M. Zamorano et al. NeuroImage 202 (2019) 116103
Cottam, W.J., Iwabuchi, S.J., Drabek, M.M., Reckziegel, D., Auer, D.P., 2018. Altered
connectivity of the right anterior insula drives the pain connectome changes in
chronic knee osteoarthritis. Pain 159, 929–938.

Cox, R.W., 1996. AFNI: software for analysis and visualization of functional magnetic
resonance neuroimages. Computers and biomedical research, an international journal
29, 162–173.

Craig, A.D., 2002. How do you feel? Interoception: the sense of the physiological
condition of the body. Nat. Rev. Neurosci. 3, 655–666.

Craig, A.D., 2009a. Emotional moments across time: a possible neural basis for time
perception in the anterior insula. Philos. Trans. R. Soc. Lond. 364, 1933–1942.

Craig, A.D.B., 2009b. How Do You Feel — Now? the Anterior Insula and Human
Awareness, vol. 10.

Critchley, H.D., Wiens, S., Rotshtein, P., Ohman, A., Dolan, R.J., 2004. Neural systems
supporting interoceptive awareness. Nat. Neurosci. 7, 189–195.

Cruder, C., Falla, D., Mangili, F., Azzimonti, L., Araujo, L.S., Williamon, A., Barbero, M.,
2018. Profiling the location and extent of musicians’ pain using digital pain drawings.
Pain Pract. 18, 53–66.

Deen, B., Pitskel, N.B., Pelphrey, K.A., 2011. Three systems of insular functional
connectivity identified with cluster analysis. Cerebr. Cortex 21, 1498–1506.

Dommerholt, J., 2009. Performing arts medicine - instrumentalist musicians part I -
general considerations. J. Bodyw. Mov. Ther. 13, 311–319.

Eickhoff, S.B., Stephan, K.E., Mohlberg, H., Grefkes, C., Fink, G.R., Amunts, K., Zilles, K.,
2005. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and
functional imaging data. Neuroimage 25, 1325–1335.

Elbert, T., Pantev, C., Wienbruch, C., Rockstroh, B., Taub, E., 1995. Increased cortical
representation of the fingers of the left hand in string players. Science 270, 305–307.

Fields, H.L., 2004. State-dependent opioid control of pain. Nat. Rev. Neurosci. 5,
565–575.

Fields, H.L., 2014. Neuroscience. More pain; less gain. Science 345, 513–514.
Fillingim, R.B., King, C.D., Ribeiro-Dasilva, M.C., Rahim-Williams, B., Riley 3rd, J.L.,

2009. Sex, gender, and pain: a review of recent clinical and experimental findings.
J. Pain 10, 447–485.

Flor, H., Braun, C., Elbert, T., Birbaumer, N., 1997. Extensive reorganization of primary
somatosensory cortex in chronic back pain patients. Neurosci. Lett. 224, 5–8.

Flor, H., Elbert, T., Knecht, S., Wienbruch, C., Pantev, C., Birbaumer, N., Larbig, W.,
Taub, E., 1995. Phantom-limb pain as a perceptual correlate of cortical
reorganization following arm amputation. Nature 375, 482–484.

Foster, N.E., Zatorre, R.J., 2010. Cortical structure predicts success in performing musical
transformation judgments. Neuroimage 53, 26–36.

Fritz, C.O., Morris, P.E., Richler, J.J., 2012. Effect size estimates: current use, calculations,
and interpretation. J. Exp. Psychol. Gen 141, 2–18.

Friston, K.J., Josephs, O., Zarahn, E., Holmes, A.P., Rouquette, S., Poline, J., 2000. To
smooth or not to smooth? Bias and efficiency in fMRI time-series analysis.
NeuroImage 12, 196–208.

Gasenzer, E.R., Klumpp, M.J., Pieper, D., Neugebauer, E.A., 2017. The prevalence of
chronic pain in orchestra musicians. Ger. Med. Sci. 15, Doc01.

Gebhart, G.F., 2004. Descending modulation of pain. Neurosci. Biobehav. Rev. 27,
729–737.

Gol, A., Faibish, G.M., 1967. Effects of human hippocampal ablation. J. Neurosurg. 26,
390–398.

Heller, R., Stanley, D., Yekutieli, D., Rubin, N., Benjamini, Y., 2006. Cluster-based analysis
of FMRI data. NeuroImage 33, 599–608.

Herholz, S.C., Zatorre, R.J., 2012. Musical training as a framework for brain plasticity:
behavior, function, and structure. Neuron 76, 486–502.

Hoffstaedter, F., Grefkes, C., Caspers, S., Roski, C., Palomero-Gallagher, N., Laird, A.R.,
Fox, P.T., Eickhoff, S.B., 2014. The role of anterior midcingulate cortex in cognitive
motor control: evidence from functional connectivity analyses. Hum. Brain Mapp. 35,
2741–2753.

Hyde, K.L., Lerch, J., Norton, A., Forgeard, M., Winner, E., Evans, A.C., Schlaug, G., 2009.
Musical training shapes structural brain development. J. Neurosci. 29, 3019–3025.

Iannetti, G.D., Hughes, N.P., Lee, M.C., Mouraux, A., 2008. Determinants of laser-evoked
EEG responses: pain perception or stimulus saliency? J. Neurophysiol. 100, 815–828.

Ichesco, E., Quintero, A., Clauw, D.J., Peltier, S., Sundgren, P.M., Gerstner, G.E., Schmidt-
Wilcke, T., 2012. Altered functional connectivity between the insula and the
cingulate cortex in patients with temporomandibular disorder: a pilot study.
Headache 52, 441–454.

Ichesco, E., Schmidt-Wilcke, T., Bhavsar, R., Clauw, D.J., Peltier, S.J., Kim, J.,
Napadow, V., Hampson, J.P., Kairys, A.E., Williams, D.A., Harris, R.E., 2014. Altered
resting state connectivity of the insular cortex in individuals with fibromyalgia.
J. Pain 15, 815–826 e811.

Ioannou, C.I., Hafer, J., Lee, A., Altenmüller, E., 2018. Epidemiology, treatment efficacy,
and anxiety aspects of music students affected by playing-related pain: a retrospective
evaluation with follow-up. Med. Probl. Perform. Artist. 33, 26–38.

Jabusch, H.C., Muller, S.V., Altenmüller, E., 2004. Anxiety in musicians with focal
dystonia and those with chronic pain. Mov. Disord. : official journal of the Movement
Disorder Society 19, 1169–1175.

Jancke, L., 2009. The plastic human brain. Restor. Neurol. Neurosci. 27, 521–538.
Ji, R.R., Kohno, T., Moore, K.A., Woolf, C.J., 2003. Central sensitization and LTP: do pain

and memory share similar mechanisms? Trends Neurosci. 26, 696–705.
Johansen, J.P., Fields, H.L., Manning, B.H., 2001. The affective component of pain in

rodents: direct evidence for a contribution of the anterior cingulate cortex. Proc. Natl.
Acad. Sci. U. S. A. 98, 8077–8082.

Kamping, S., Andoh, J., Bomba, I.C., Diers, M., Diesch, E., Flor, H., 2016. Contextual
modulation of pain in masochists: involvement of the parietal operculum and insula.
Pain 157, 445–455.
13
Kenny, D.T., Ackermann, B., 2013. Performance-related musculoskeletal pain, depression
and music performance anxiety in professional orchestral musicians: a population
study. Psychol. Music 43, 43–60.

Kerns, R.D., Turk, D.C., Rudy, T.E., 1985. the West haven-yale multidimensional pain
inventory (WHYMPI). Pain 23, 345–356.

Kleber, B., Friberg, A., Zeitouni, A., Zatorre, R., 2017. Experience-dependent modulation
of right anterior insula and sensorimotor regions as a function of noise-masked
auditory feedback in singers and nonsingers. Neuroimage 147, 97–110.

Kleber, B., Veit, R., Moll, C.V., Gaser, C., Birbaumer, N., Lotze, M., 2016. Voxel-based
morphometry in opera singers: increased gray-matter volume in right somatosensory
and auditory cortices. Neuroimage 133, 477–483.

Kleber, B., Zeitouni, A.G., Friberg, A., Zatorre, R.J., 2013. Experience-dependent
modulation of feedback integration during singing: role of the right anterior insula.
J. Neurosci. 33, 6070–6080.

Klein, C., Liem, F., Hanggi, J., Elmer, S., Jancke, L., 2016. The "silent" imprint of musical
training. Hum. Brain Mapp. 37, 536–546.

Koelsch, S., 2014. Brain correlates of music-evoked emotions. Nat. Rev. Neurosci. 15,
170–180.

Kok, L.M., Huisstede, B.M., Voorn, V.M., Schoones, J.W., Nelissen, R.G., 2016. The
occurrence of musculoskeletal complaints among professional musicians: a
systematic review. Int. Arch. Occup. Environ. Health 89, 373–396.

Kuner, R., Flor, H., 2016. Structural plasticity and reorganisation in chronic pain. Nat.
Rev. Neurosci. 18, 20–30.

Lahav, A., Saltzman, E., Schlaug, G., 2007. Action representation of sound: audiomotor
recognition network while listening to newly acquired actions. J. Neurosci. 27,
308–314.

Lappe, C., Trainor, L.J., Herholz, S.C., Pantev, C., 2011. Cortical plasticity induced by
short-term multimodal musical rhythm training. PLoS One 6, e21493.

Legrain, V., Iannetti, G.D., Plaghki, L., Mouraux, A., 2011. The pain matrix reloaded: a
salience detection system for the body. Prog. Neurobiol. 93, 111–124.

Liberati, G., Klocker, A., Safronova, M.M., Ferrao Santos, S., Ribeiro Vaz, J.G.,
Raftopoulos, C., Mouraux, A., 2016. Nociceptive local field potentials recorded from
the human insula are not specific for nociception. PLoS Biol. 14, e1002345.

Linari-Melfi, M., Cantarero-Villanueva, I., Fernandez-Lao, C., Fernandez-de-Las-Penas, C.,
Guisado-Barrilao, R., Arroyo-Morales, M., 2011. Analysis of deep tissue
hypersensitivity to pressure pain in professional pianists with insidious mechanical
neck pain. BMC Muscoskelet. Disord. 12, 268.

Liu, M.G., Chen, J., 2009. Roles of the hippocampal formation in pain information
processing. Neurosci Bull 25, 237–266.

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network
model of insula function. Brain Struct. Funct 214, 655–667.

Luo, C., Tu, S., Peng, Y., Gao, S., Li, J., Dong, L., Li, G., Lai, Y., Li, H., Yao, D., 2014. Long-
term effects of musical training and functional plasticity in salience system. Neural
Plast. 2014, 180138.

Mouraux, A., Iannetti, G.D., 2009. Nociceptive laser-evoked brain potentials do not reflect
nociceptive-specific neural activity. J. Neurophysiol. 101, 3258–3269.

Muller-Dahlhaus, F., Ziemann, U., 2015. Metaplasticity in human cortex. The
Neuroscientist 21, 185–202.

Murphy, K., Birn, R.M., Handwerker, D.A., Jones, T.B., Bandettini, P.A., 2009. The impact
of global signal regression on resting state correlations: are anti-correlated networks
introduced? Neuroimage 44, 893–905.

Mutso, A.A., Petre, B., Huang, L., Baliki, M.N., Torbey, S., Herrmann, K.M., Schnitzer, T.J.,
Apkarian, A.V., 2014. Reorganization of hippocampal functional connectivity with
transition to chronic back pain. J. Neurophysiol. 111, 1065–1076.

Navratilova, E., Porreca, F., 2014. Reward and motivation in pain and pain relief. Nat.
Neurosci. 17, 1304–1312.

Nieuwenhuys, R., 2012. The insular cortex: a review. Prog. Brain Res. 195, 123–163.
Nichols, T., Hayasaka, S., 2003. Controlling the familywise error rate in functional

neuroimaging: a comparative review. Stat. Methods Med. Res. 12, 419–446.
Oldfield, R.C., 1971. The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia 9, 97–113.
Ossipov, M.H., Morimura, K., Porreca, F., 2014. Descending pain modulation and

chronification of pain. Curr. Opin. Support. Palliat. Care 8, 143–151.
Palomar-Garcia, M.A., Zatorre, R.J., Ventura-Campos, N., Bueicheku, E., Avila, C., 2017.

Modulation of Functional Connectivity in Auditory-Motor Networks in Musicians
Compared with Nonmusicians. Cereb. Cortex 27, 2768–2778.

Pantev, C., Paraskevopoulos, E., Kuchenbuch, A., Lu, Y., Herholz, S.C., 2015. Musical
expertise is related to neuroplastic changes of multisensory nature within the
auditory cortex. Eur. J. Neurosci. 41, 709–717.

Pecen, E., Collins, D.J., MacNamara, A., 2017. It’s your problem. Deal with it."
performers’ experiences of psychological challenges in music. Front. Psychol. 8,
2374.

Penhune, V.B., 2011. Sensitive periods in human development: evidence from musical
training. Cortex 47, 1126–1137.

Picavet, H.S., Vlaeyen, J.W., Schouten, J.S., 2002. Pain catastrophizing and
kinesiophobia: predictors of chronic low back pain. Am. J. Epidemiol. 156,
1028–1034.

Ploghaus, A., Tracey, I., Gati, J.S., Clare, S., Menon, R.S., Matthews, P.M., Rawlins, J.N.,
1999. Dissociating pain from its anticipation in the human brain. Science 284,
1979–1981.

Ploner, M., Lee, M.C., Wiech, K., Bingel, U., Tracey, I., 2011. Flexible cerebral
connectivity patterns subserve contextual modulations of pain. Cerebr. Cortex 21,
719–726.

Porreca, F., Ossipov, M.H., Gebhart, G.F., 2002. Chronic pain and medullary descending
facilitation. Trends Neurosci. 25, 319–325.

http://refhub.elsevier.com/S1053-8119(19)30694-9/sref27
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref27
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref27
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref27
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref28
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref28
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref28
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref28
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref29
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref29
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref29
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref30
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref30
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref30
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref31
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref31
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref31
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref32
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref32
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref32
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref33
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref33
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref33
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref33
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref34
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref34
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref34
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref35
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref35
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref35
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref36
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref36
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref36
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref36
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref37
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref37
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref37
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref38
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref38
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref38
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref39
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref39
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref40
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref40
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref40
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref40
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref41
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref41
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref41
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref42
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref42
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref42
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref42
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref43
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref43
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref43
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref130
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref130
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref130
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref131
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref131
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref131
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref131
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref44
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref44
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref45
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref45
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref45
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref46
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref46
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref46
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref132
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref132
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref132
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref47
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref47
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref47
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref48
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref48
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref48
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref48
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref48
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref49
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref49
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref49
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref50
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref50
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref50
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref51
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref51
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref51
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref51
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref51
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref52
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref52
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref52
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref52
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref52
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref53
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref53
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref53
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref53
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref54
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref54
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref54
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref54
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref55
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref55
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref56
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref56
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref56
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref57
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref57
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref57
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref57
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref58
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref58
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref58
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref58
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref59
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref59
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref59
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref59
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref60
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref60
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref60
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref61
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref61
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref61
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref61
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref62
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref62
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref62
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref62
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref63
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref63
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref63
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref63
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref64
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref64
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref64
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref65
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref65
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref65
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref66
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref66
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref66
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref66
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref67
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref67
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref67
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref68
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref68
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref68
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref68
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref69
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref69
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref70
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref70
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref70
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref71
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref71
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref71
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref72
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref72
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref72
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref72
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref73
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref73
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref73
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref133
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref133
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref133
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref74
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref74
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref74
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref75
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref75
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref75
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref76
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref76
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref76
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref77
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref77
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref77
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref77
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref78
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref78
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref78
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref78
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref79
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref79
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref79
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref134
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref134
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref80
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref80
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref80
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref81
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref81
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref81
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref82
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref82
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref82
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref135
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref135
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref135
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref135
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref83
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref83
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref83
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref83
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref84
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref84
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref84
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref85
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref85
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref85
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref86
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref86
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref86
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref86
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref87
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref87
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref87
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref87
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref88
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref88
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref88
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref88
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref89
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref89
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref89


A.M. Zamorano et al. NeuroImage 202 (2019) 116103
Quarrier, N.F., 1993. Performing arts medicine: the musical athlete. J. Orthop. Sport.
Phys. Ther. 17, 90–95.

Remedios, R., Logothetis, N.K., Kayser, C., 2009. An auditory region in the primate
insular cortex responding preferentially to vocal communication sounds. J. Neurosci.
29, 1034–1045.

Rosenkranz, K., Williamon, A., Rothwell, J.C., 2007. Motorcortical excitability and
synaptic plasticity is enhanced in professional musicians. J. Neurosci. 27, 5200–5206.

Rosner, B., 2011. Fundamentals of Biostatistics. Brooks/Cole Cengage Learning.
Sanz, J., Navarro, M.E., V�azquez, C., 2003. The Spanish adaptation of Beck’s depression

inventory-II (BDI-II): 2. Psychometric properties in the general population. Clin.
Salud 14, 80.

Schirmer-Mokwa, K.L., Fard, P.R., Zamorano, A.M., Finkel, S., Birbaumer, N.,
Kleber, B.A., 2015. Evidence for enhanced interoceptive accuracy in professional
musicians. Front. Behav. Neurosci. 9, 349.

Schlaug, G., 2015. Musicians and music making as a model for the study of brain
plasticity. Prog. Brain Res. 217, 37–55.

Schneider, P., Scherg, M., Dosch, H.G., Specht, H.J., Gutschalk, A., Rupp, A., 2002.
Morphology of Heschl’s gyrus reflects enhanced activation in the auditory cortex of
musicians. Nat. Neurosci. 5, 688–694.

Seeley, W.W., Menon, V., Schatzberg, A.F., Keller, J., Glover, G.H., Kenna, H., Reiss, A.L.,
Greicius, M.D., 2007. Dissociable intrinsic connectivity networks for salience
processing and executive control. J. Neurosci 27, 2349–2356.

Schweinhardt, P., Glynn, C., Brooks, J., McQuay, H., Jack, T., Chessell, I., Bountra, C.,
Tracey, I., 2006. An fMRI study of cerebral processing of brush-evoked allodynia in
neuropathic pain patients. Neuroimage 32, 256–265.

Segerdahl, A.R., Mezue, M., Okell, T.W., Farrar, J.T., Tracey, I., 2015. The dorsal posterior
insula subserves a fundamental role in human pain. Nat. Neurosci. 18, 499–500.

Shackman, A.J., Salomons, T.V., Slagter, H.A., Fox, A.S., Winter, J.J., Davidson, R.J.,
2011. The integration of negative affect, pain and cognitive control in the cingulate
cortex. Nat. Rev. Neurosci. 12, 154–167.

Smith, S.M., Nichols, T.E., 2009. Threshold-free cluster enhancement: addressing
problems of smoothing, threshold dependence and localisation in cluster inference.
NeuroImage 44, 83–98.

Song, X.W., Dong, Z.Y., Long, X.Y., Li, S.F., Zuo, X.N., Zhu, C.Z., He, Y., Yan, C.G.,
Zang, Y.F., 2011. REST: a toolkit for resting-state functional magnetic resonance
imaging data processing. PLoS One 6, e25031.

Spielberger, C.D., Gonzalez-Reigosa, F., Martinez-Urrutia, A., Natalicio, L.F.S.,
Natalicio, D.S., 1971. The state-trait anxiety inventory. Revista Interamericana de
Psicologia/Interamerican Journal of Psychology 5.

Steele, C.J., Bailey, J.A., Zatorre, R.J., Penhune, V.B., 2013. Early musical training and
white-matter plasticity in the corpus callosum: evidence for a sensitive period.
J. Neurosci. 33, 1282–1290.

Steinmetz, A., Moller, H., Seidel, W., Rigotti, T., 2012. Playing-related musculoskeletal
disorders in music students-associated musculoskeletal signs. Eur. J. Phys. Rehabil.
Med. 48, 625–633.

Steinmetz, A., Scheffer, I., Esmer, E., Delank, K.S., Peroz, I., 2015. Frequency, severity and
predictors of playing-related musculoskeletal pain in professional orchestral
musicians in Germany. Clin. Rheumatol. 34, 965–973.

Tan, L.L., Pelzer, P., Heinl, C., Tang, W., Gangadharan, V., Flor, H., Sprengel, R., Kuner, T.,
Kuner, R., 2017. A pathway from midcingulate cortex to posterior insula gates
nociceptive hypersensitivity. Nat. Neurosci. 20, 1591–1601.

Tracey, I., Mantyh, P.W., 2007. The cerebral signature for pain perception and its
modulation. Neuron 55, 377–391.
14
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O., Delcroix, N.,
Mazoyer, B., Joliot, M., 2002. Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage 15, 273–289.

Uddin, L.Q., 2015. Salience processing and insular cortical function and dysfunction. Nat.
Rev. Neurosci. 16, 55–61.

Uddin, L.Q., Kinnison, J., Pessoa, L., Anderson, M.L., 2014. Beyond the tripartite
cognition-emotion-interoception model of the human insular cortex. J. Cogn.
Neurosci. 26, 16–27.

Vachon-Presseau, E., Centeno, M.V., Ren, W., Berger, S.E., Tetreault, P., Ghantous, M.,
Baria, A., Farmer, M., Baliki, M.N., Schnitzer, T.J., Apkarian, A.V., 2016. The
emotional brain as a predictor and amplifier of chronic pain. J. Dent. Res. 95,
605–612.

Valentini, E., Hu, L., Chakrabarti, B., Hu, Y., Aglioti, S.M., Iannetti, G.D., 2012. The
primary somatosensory cortex largely contributes to the early part of the cortical
response elicited by nociceptive stimuli. Neuroimage 59, 1571–1581.

Vogt, B.A., 2005. Pain and emotion interactions in subregions of the cingulate gyrus. Nat.
Rev. Neurosci. 6, 533–544.

Wager, T.D., Lindquist, M., Kaplan, L., 2007. Meta-analysis of functional neuroimaging
data: current and future directions. Soc. Cogn. Affect. Neurosci 2, 150–158.

Wiech, K., Jbabdi, S., Lin, C.S., Andersson, J., Tracey, I., 2014. Differential structural and
resting state connectivity between insular subdivisions and other pain-related brain
regions. Pain 155, 2047–2055.

Wiech, K., Lin, C.S., Brodersen, K.H., Bingel, U., Ploner, M., Tracey, I., 2010. Anterior
insula integrates information about salience into perceptual decisions about pain.
J. Neurosci. 30, 16324–16331.

Wiech, K., Tracey, I., 2013. Pain, decisions, and actions: a motivational perspective. Front.
Neurosci. 7, 46.

Williamon, A., Valentine, E., 2000. Quantity and quality of musical practice as predictors
of performance quality. Br. J. Psychol. 91, 353–376.

Wittmann, M., van Wassenhove, V., Craig, A.D., Paulus, M.P., 2010. The neural substrates
of subjective time dilation. Front. Hum. Neurosci. 4, 2.

Wong, P.C., Parsons, L.M., Martinez, M., Diehl, R.L., 2004. The role of the insular cortex
in pitch pattern perception: the effect of linguistic contexts. J. Neurosci. 24,
9153–9160.

Woo, C.W., Krishnan, A., Wager, T.D., 2014. Cluster-extent based thresholding in fMRI
analyses: pitfalls and recommendations. Neuroimage 91, 412–419.

Yan, C.G., Wang, X.D., Zuo, X.N., Zang, Y.F., 2016. DPABI: data processing & analysis for
(Resting-State) brain imaging. Neuroinformatics 14, 339–351.

Zamorano, A.M., Cifre, I., Montoya, P., Riquelme, I., Kleber, B., 2017. Insula-based
networks in professional musicians: evidence for increased functional connectivity
during resting state fMRI. Hum. Brain Mapp. 38, 4834–4849.

Zamorano, A.M., Riquelme, I., Kleber, B., Altenmüller, E., Hatem, S.M., Montoya, P.,
2014. Pain sensitivity and tactile spatial acuity are altered in healthy musicians as in
chronic pain patients. Front. Hum. Neurosci. 8, 1016.

Zeidan, F., Emerson, N.M., Farris, S.R., Ray, J.N., Jung, Y., McHaffie, J.G., Coghill, R.C.,
2015. Mindfulness meditation-based pain relief employs different neural mechanisms
than placebo and sham mindfulness meditation-induced analgesia. J. Neurosci. 35,
15307–15325.

Zeidan, F., Vago, D.R., 2016. Mindfulness meditation-based pain relief: a mechanistic
account. Ann. N. Y. Acad. Sci. 1373, 114–127.

http://refhub.elsevier.com/S1053-8119(19)30694-9/sref90
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref90
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref90
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref91
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref91
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref91
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref91
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref92
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref92
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref92
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref93
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref94
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref94
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref94
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref94
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref95
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref95
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref95
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref96
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref96
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref96
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref97
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref97
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref97
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref97
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref136
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref136
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref136
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref136
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref98
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref98
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref98
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref98
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref99
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref99
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref99
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref100
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref100
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref100
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref100
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref137
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref137
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref137
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref137
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref101
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref101
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref101
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref102
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref102
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref102
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref103
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref103
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref103
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref103
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref104
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref104
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref104
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref104
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref105
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref105
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref105
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref105
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref106
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref106
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref106
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref106
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref107
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref107
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref107
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref108
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref108
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref108
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref108
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref108
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref109
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref109
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref109
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref110
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref110
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref110
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref110
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref111
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref111
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref111
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref111
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref111
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref112
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref112
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref112
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref112
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref113
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref113
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref113
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref138
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref138
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref138
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref114
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref114
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref114
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref114
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref115
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref115
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref115
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref115
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref116
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref116
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref117
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref117
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref117
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref118
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref118
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref119
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref119
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref119
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref119
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref120
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref120
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref120
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref121
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref121
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref121
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref121
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref122
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref122
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref122
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref122
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref123
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref123
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref123
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref124
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref124
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref124
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref124
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref124
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref125
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref125
http://refhub.elsevier.com/S1053-8119(19)30694-9/sref125

	Experience-dependent neuroplasticity in trained musicians modulates the effects of chronic pain on insula-based networks –  ...
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Musical expertise
	2.3. Psychometric and clinical assessment
	2.4. fMRI image acquisition and preprocessing
	2.5. Voxel-wise functional connectivity analyses
	2.6. Statistical analyses
	2.6.1. fMRI
	2.6.2. Behavioral
	2.6.3. Regression

	2.7. Data availability

	3. Results
	3.1. Demographic and psychometric data
	3.2. Voxel-wise functional connectivity of insular subdivisions
	3.2.1. Main connectivity patterns across groups
	3.2.2. Main and interactions effects for musicianship and chronic pain
	3.2.3. Difference connectivity maps between CPNM and HNM
	3.2.4. Difference connectivity maps between HM and CPNM
	3.2.5. Difference connectivity maps between CPM and CPNM
	3.2.6. Difference connectivity maps between CPM and HM

	3.3. Regression results

	4. Discussion
	4.1. Insula connectivity in chronic pain non-musicians
	4.2. Insula connectivity in healthy musicians
	4.3. Insula connectivity in chronic pain musicians: evidence for metaplasticity
	4.4. The role of appraisal and motivation in CPM
	4.5. Limitations

	5. Conclusions
	Funding
	Conflicts of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


