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Pain is often viewed and studied as an isolated perception. However, cognition, emotion,

salience effects, and autonomic and sensory input are all integrated to create a

comprehensive experience. Music-induced analgesia has been used for thousands of

years, with moderate behavioural effects on pain perception, yet the neural mechanisms

remain ambiguous. The purpose of this study was to investigate the effects of music

analgesia through individual ratings of pain, and changes in connectivity across a network

of regions spanning the brain and brainstem that are involved in limbic, paralimbic,

autonomic, cognitive, and sensory domains. This is the first study of its kind to assess

the effects of music analgesia using complex network analyses in the human brain and

brainstem. Functional MRI data were collected from 20 healthy men and women with

concurrent presentation of noxious stimulation and music, in addition to control runs

without music. Ratings of peak pain intensity and unpleasantness were collected for

each run and were analysed in relation to the functional data. We found that music

alters connectivity across these neural networks between regions such as the insula,

thalamus, hypothalamus, amygdala and hippocampus (among others), and is impacted

by individual pain sensitivity. While these differences are important for howwe understand

pain and analgesia, it is essential to note that these effects are variable across participants

and provide moderate pain relief at best. Therefore, a therapeutic strategy involving music

should use it as an adjunct to pain management in combination with healthy lifestyle

changes and/or pharmaceutical intervention.

Keywords: functional MRI, human neuroimaging, music analgesia, pain, cognitive/affective pain modulation,

network connectivity, structural equation modelling

INTRODUCTION

Music has been used to alter our perception of pain for thousands of years in cultural, experimental,
and clinical environments (1–3). A number of prior studies have demonstrated behavioural effects
of music on subjective ratings of pain, including significant decreases in both pain intensity (1, 4–9)
and unpleasantness (4, 6, 8, 10, 11), with a 70% higher likelihood of reduced pain (1) and increased
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pain thresholds (12–14). Furthermore, there is also evidence
that the capacity of music to modulate pain is reduced when
individuals exhibit higher levels of pain catastrophizing (12).
However, a recent meta-analysis found that these effects are
highly variable across individuals and studies due to a number
of factors including methodological variations across studies, and
the underlying mechanisms remain unclear (15).

Hypotheses regarding the underlying mechanisms of music
analgesia range from purely distraction (cognition) (16, 17) to
purely emotional (valence, arousal, reward) (6, 10, 18). However,
these effects may not be separable (19, 20) and an interaction
between cognitive, emotional, and sensory domains is the most
likely foundation for pain relief from music (3, 6, 10). Lunde
et al. (3) described a set of integrated factors, adapted from
Tracey and Mantyh (21), which contribute to music analgesia
including context, cognition, emotion, neurotransmitters, and
predictability of the music itself. A subsequent meta-analysis
expanded on this theory by arguing that music can suppress
pain by acting as a reward, stress reliever, mood regulator,
and distractor (2). This idea is supported by the observation
that pleasurable music reduces anxiety and stress through
downregulation of the autonomic nervous system (22–24),
increasing dopamine and serotonin release in the striatum (12,
25, 26), increasing µ-opioid receptor and endorphin production
(27), and recruiting reward and limbic regions to modulate
motivation, learning and valuation (18, 25, 28). Anxiety, stress,
learning, and reward play prominent roles in how we evaluate
the relative importance of painful stimuli and our ability to
cognitively and emotionally regulate pain (29–33). Furthermore,
increased opioid receptor, endorphin, dopamine, and serotonin
production directly interact with the descending opioidergic
analgesic pathway consisting of the periaqueductal grey (PAG)-
rostral ventromedial medulla (RVM)-spinal cord (34–36). Along
with other types of emotional stimuli, music has widely been
thought to influence pain via this pathway (3, 13, 27, 37, 38).

While evidence for music analgesia has been described
behaviorally, few functional investigations of neural effects in
humans have been reported. These include only four previous
fMRI studies (8, 13, 37, 39), a study employing EEG (10),
and one EMG study (40). Previous fMRI studies have reported
attenuation of the anterior cingulate cortex with music during
pain stimulation (13), altered resting-state connectivity after
music listening in participants with fibromyalgia (8), and
differences between pain-plus-music and pain-only conditions
across several cortical, limbic, brainstem and spinal cord
regions (37).

The objective of this study was to use functional MRI
to build on the foundation of existing behavioural evidence
to further investigate the neural basis of music analgesia in
human participants. We acquired data from healthy individuals
during the application of acute noxious thermal stimulation
with and without concurrent presentation of pleasurable music
individually selected by each participant. Behavioural ratings of
pain intensity and unpleasantness were recorded to assess the
subjective effects of music analgesia, along with the temperatures
required to produce moderate pain. We hypothesised that having
a participant listen to pleasant music of their choice while they

experience acute heat pain would result in altered descending
pain regulation via the PAG-RVM pathway, compared to
experiencing the pain stimulus without music. Moreover, we
hypothesised that this regulation would be mediated by input
from limbic, paralimbic, and reward regions.

MATERIALS AND METHODS

All procedures were approved by the institutional human
research ethics review board and complied with the Tri-Council
Policy Statement on Ethical Conduct for Research Involving
Humans. Informed consent for all study procedures was obtained
in writing prior to the onset of study training and participants
were informed that they could cease participation at any time.

Participants
Twenty healthy participants (10 female, 10 male) ranging from
21 to 33 years of age (23 ± 3 years, mean ± standard deviation)
were recruited from the local community through online
advertisements and posted notices. Participants were free of any
history of neurological disease or injury, major medical illness,
psychiatric disorder or pre-existing pain condition and were not
taking any centrally acting medications (i.e., antidepressants)
or prescription medication for pain relief. Participants were
also instructed to refrain from taking over the counter pain
medication (e.g., ibuprofen) on the day of study participation
to avoid interference with normal, healthy pain responses.They
were also free of any contraindications for the MRI environment
including pregnancy, claustrophobia, metal implants or injuries
frommetal fragments, or inability to lie still. All participants were
screened for eligibility through a secure online form.

Eligible participants were asked to complete a battery of
validated questionnaires to characterise individual traits of
mental health, social behaviours, and pain catastrophizing, which
all relate to the sensory and affective dimensions of pain. The
questionnaires included the Beck Depression Inventory-II (BDI-
II) (41), the State/Trait Anxiety Inventory (STAI) (42), the
Social-Desirability Scale (SDS) (43), and the Pain Catastrophizing
Scale (PCS) (44). The BDI-II assesses the affective, motivational,
cognitive, and somatic symptoms of depression. The STAI
measures the transient condition of state anxiety as well as
the chronic condition of trait anxiety. The SDS provides an
assessment of whether participants are concerned with social
approval, such as providing pain ratings in a way that they
believe the researchers would approve of. The PCS reflects how
individuals respond to pain, such as tendencies to feel helpless
and/or magnify the threat value of a stimulus. Participants were
not excluded from participating given high or low scores on
any of these questionnaires. The resulting scores were used in
correlational analyses with functional MRI data to determine if
behavioural and psychological traits relate to neurological activity
during the experience of pain. Group means for each scale were
computed and individual scores were compared with subsequent
pain ratings from each participant.

All participants were instructed to bring six selections of
familiar, pleasurable music of any genre on a USB-drive in .mp3
format, as music chosen by the participants has been shown
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to have greater effect than music chosen by the researchers
(5, 45). These selections were required to be at least 210 s long
to correspond with the length of each scan and yield a rating
of 7.5 or higher on 10-point scales of happiness, familiarity,
and alertness. During functional scans, participants experienced
two experimental conditions: noxious thermal stimulation with
simultaneous presentation of pleasurable music (i.e., “Music”
runs), and noxious thermal stimulation alone (i.e., “No-Music”
runs). Half of the scans were carried out in each condition, in
a randomised order. The researchers randomly assigned music
selections to the Music runs, and a different selection was played
for each music run.

Experimental Procedures
Protocol Training Session
Immediately prior to imaging, participants underwent a 45-
min training session in a “sham” MRI lab within the Queen’s
University MRI Facility. The purpose of training was to
familiarise participants with the study paradigm, including scales
with which they would rate their pain experience, the noxious
thermal stimulus and timing of stimulation. Participants were
trained to use validated 100-point numerical pain intensity
and unpleasantness rating scales (NPS), with verbal descriptors
at intervals of 10 (Figure 1A) (46–48). Participants were
encouraged to rate in increments of 5, and the researcher
checked each rating with the participant to ensure that they
were becoming familiarised with the scales. They were informed
that pain intensity describes more of the sensory/discriminative
dimension of pain whereas unpleasantness describes the
emotional/affective component of the perceived pain. The ratio of
each participants’ pain rating to the temperature used to elicit that
pain rating was used as a “normalised pain score.” A higher pain
score may indicate that participants who experienced a particular
pain rating at a lower temperature are more sensitive to pain
than those that experienced the same pain rating but required a
higher temperature to produce that pain. This method was used
to standardise our pain measures given that participants were not
all subjected to the same stimulus temperatures.

To elicit acute experimental pain, thermal stimulation was
applied with an MRI-compatible robotic contact-heat thermal
stimulator (RTS-1), which raised and lowered a 3 cm-square
aluminium thermode to and from the participants’ skin via
pneumatic pistons (49–52). The stimulus was applied to the
thenar eminence of the right hand, corresponding to the sixth
cervical segment of the spinal cord. The timing and duration
of heat-contacts, along with thermode temperature, were
under precise control by custom-made software in MATLAB?
(Mathworks Inc., Natick, MA). Each test consisted of ten 1.5-s
heat contacts over the span of 30 s in order to elicit sustained
behavioural and neural responses and to avoid habituation of
nociceptors in the skin. Participants were trained with a standard
set of temperatures, ranging from 45 to 52 ◦C presented in the
same order, and were individually calibrated to a temperature
corresponding to a tolerable average pain rating of 50 intensity
units (“Moderate Pain”, Figure 1A) (53). Participants were kept
blinded to this objective, as well as to the temperatures used
during the tests, to avoid any potential response bias, and the

upper limit of 52◦C was set to avoid causing damage to the
skin. Additionally, participants were instructed to remove their
hand from the stimulator if their pain ratings ever exceeded 70
NPS units to avoid causing distress or very strong pain. Once
calibrated, participants moved on to the next stage of training.

A mock-up of the MRI scanner (sham-MRI) was used to
train participants on the stimulation paradigm and timing that
they would experience in the MRI, and to familiarise them with
the confined environment. This process was also intended to
reduce variations in the data that may be caused by anxiety and
bulk motion across repeated fMRI acquisitions. Participants were
positioned supine in the sham-MRI with a mirror over their eyes
to view a rear projection screen displaying the pain intensity and
unpleasantness scales, and the RTS-1 under their right hand. A
simulated version of the fMRI protocol was carried out at the
calibrated temperature, with recorded MRI sounds played for
them on a speaker to simulate the scanner environment. The
210-s stimulation paradigm is shown in Figure 1B. Participants
were instructed to silently rate the intensity and unpleasantness
of each contact as they felt them, and to remember only
the highest ratings on both scales. The peak ratings of pain
intensity and unpleasantness were recorded, and the calibration
temperature was confirmed or adjusted based on these ratings;
this temperature and stimulation paradigm was then used during
the subsequent imaging session.

Functional MRI Data Acquisition
Functional MRI was carried out on a Siemens 3 tesla MRI system
(Siemens Magnetom Trio, Erlangen, Germany). Participants
were positioned head-first and supine with foam supports under
their knees and arms to minimise bulk motion during scanning.
The RTS-1 was positioned at their side, under the palm of
the right hand and foam earbuds were provided to ensure
optimal sound quality for the music. A 32-channel head coil
was used to obtain images of the brain and brainstem and a
mirror positioned above the participants’ eyes allowed them
to view a rear projection screen which displayed prompts for
timing of the stimulation paradigm and the pain rating scales
during each run. The peripheral pulse was recorded from all
participants with a sensor attached to their left index finger,
and participants were provided with a squeeze-ball to signal the
experimenter in the event of an emergency, or if they did not wish
to continue the study. After setup, participants were instructed
to remain as still as possible and wait for audio instructions
provided to them through the earbuds. Sound quality was
checked after the first music run to ensure that participants could
hear the music at an appropriate volume over the sounds of
the scanner.

Localizer images were acquired in three planes to provide
a reference for subsequent slice positioning. A sagittal, T1-
weighted anatomical scan was also acquired using a 3DMPRAGE
sequence to aid in normalisation of functional data with 1 ×

1 × 1 mm3 resolution, a repetition time (TR) of 1,760ms,
echo time (TE) of 2.2ms, inversion time of 900ms, and flip
angle = 9◦. In order to produce high quality images of the
brain, and maintain this quality in the brainstem, simultaneous
multi-slice imaging with an acceleration factor of 2 was used
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FIGURE 1 | (A) Numerical Pain Scales (NPS) used to train participants to rate their pain intensity and unpleasantness. These scales were also displayed during

functional scans to aid participants in rating their pain during the experiment. (B) Stimulation paradigm used during the training and imaging sessions. For Music runs,

the music was synchronised to begin with the onset of scanning and continued throughout until completion.

for BOLD functional scans. A gradient-echo imaging method,
with echo-planar spatial encoding (GE-EPI), was used with a
flip angle of 84◦. The 3D volume spanned from the top of
the first cervical vertebra to the corpus callosum, with a TE of
35ms for optimal T∗

2-weighted BOLD sensitivity in the brain.
The TR was set at 2,000ms per volume, and 105 volumes were
recorded to produce a time-series spanning 210 s (3.5min). Data
were acquired in 48 contiguous axial slices, 2.1mm thick, with a
180 × 180mm field of view, and an 84 × 84 matrix, resulting
in 2.1mm isotropic resolution, with an anterior/posterior
phase-encoding direction.

Multiple runs of each condition (Music and No-Music)
were acquired in a randomly interleaved order and participants
were informed of which condition to expect at the beginning
of each run. The stimulation paradigm followed the same
timing as in the sham-MRI run (Figure 1B), with periods
of expectation, stimulation, and relief. Participants provided
their peak pain intensity and unpleasantness ratings at the
end of each run, and these ratings were recorded. During

the Music condition, the music was synchronised to begin at
the exact same time as scanning, and it played throughout
the scan. The initial baseline period therefore allowed the
participant to become engrossed in the music before the
onset of thermal stimulation. In between each run, the MRI
operator confirmed that the participant was comfortable and
alert before continuing. In total, 10 runs were acquired
for each participant, half spent in each condition, in a
randomised order.

Data Analysis
Behavioural Analyses
As they were not normally distributed, pain intensity and

unpleasantness ratings were investigated across study conditions
using 2-tailed, Wilcoxon signed-rank tests, with a significance
threshold of p < 0.05. The relationships between questionnaire

scores, pain intensity and unpleasantness ratings, and normalised
pain scores in the No-Music (unmodulated) condition were also
tested across all individuals using Spearman’s rho correlations,
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FIGURE 2 | Region definitions for each ROI. Each region is shown as a single colour, as described in the legend.

also with significance inferred at a threshold of p < 0.05.
This was done to determine whether a relationship could be
found between participants’ individual characteristics and their
subjective pain behaviours in an acute, experimental setting.

Data Pre-processing
Functional MRI data were pre-processed using Statistical
Parametric Mapping software (SPM-12, The Wellcome Centre
for Human Neuroimaging, UCL Queen Square Institute of
Neurology, London, UK) in MATLAB (MathWorks, Natick,
MA, USA). Pre-processing steps included conversion to NIfTI
format, co-alignment to correct for bulk motion, and spatial
normalisation to pre-defined anatomical templates from the
Montreal Neurological Institute (MNI). Images were re-sized
to 2mm cubic voxels prior to normalisation for compatibility
with the MNI template, and data were cleaned to reduce noise
by fitting and subtracting signal variations corresponding to the
motion parameters determined during co-alignment.

Subsequent data analyses focused on characterising temporal
BOLD responses and relationships between regions known or
suspected to be involved in pain, music and emotion processing,
and autonomic regulation (54–57) (Figure 2). We aimed to
identify the relationships between study conditions (Music vs.
No-Music), individual pain scores, the period of the stimulation
paradigm (i.e., before, during, and after the noxious stimulus
was applied), and personal characteristics (questionnaire scores).
For the purposes of prior studies we had created a combined
anatomical template and anatomical region map that spans the
brain, brainstem and spinal cord (51, 58). For this study, the
relevant reference images consisted of the MNI152 template,
included in SPM-12, and anatomical regions maps from the
CONN15e software (59). Brainstem regions not included in the
CONN15e region map were supplemented based on examples
and anatomical descriptions (54, 60–64), and freely shared atlases
as described by Pauli et al. (65), Keren et al. (66), and Harvard
atlases (https://www.med.harvard.edu/AANLIB/).

Structural Equation Modelling
Structural equation modelling (SEM) is a data-driven family
of statistical techniques which are used to identify patterns
of correlation/covariance among a set of BOLD responses
within and across regions of interest (ROIs) (58, 67, 68).

FIGURE 3 | Pre-defined anatomical model of connections between regions of

interest.

Our SEM methods are focused on characterising temporal
relationships by explaining as much variance as possible through
use of a pre-defined anatomical model of connections across
the brain and brainstem. This pre-defined model is based
on known neuroanatomy, including directionality, between
ROIs (Figure 3) and includes: brain regions-pre-frontal cortex
(PFC), anterior cingulate cortex (ACC), posterior cingulate
cortex (PCC), insular cortex (IC), auditory cortex (Aud),
thalamus (Thal), amygdala (Amg), hippocampus (Hipp), nucleus
accumbens (NAc), and hypothalamus (Hyp); midbrain regions-
periaqueductal grey matter (PAG), and ventral tegmental area
(VTA); pontine regions-locus coeruleus (LC), and parabrachial
nucleus (PBN); rostral medulla regions-nucleus raphe magnus
(NRM), nucleus gigantocellularis (NGc) and nucleus tractus
solitarius (NTS) (54). These areas were chosen to cover a
comprehensive array of centres for somatosensation, audition,
pain processing and perception, music and emotion processing,
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and autonomic homeostatic regulation (28, 29, 54, 56, 69–71).
Some existing anatomical connections were pruned from the
network model in order to limit the number of comparisons
and to highlight important connections, keeping the focus on
connections known to be involved in pain processing and
modulation. Data were averaged across clusters of voxels to
reduce the number of statistical comparisons to be made and
to increase the signal-to-noise ratio over that of single-voxel
analyses. Each ROI was functionally divided into 7 sub-regions
based on time-series characteristics using k-means clustering.
Once defined, identical sub-regions were used across the group
for both study conditions. The VTA, however, was divided into
4 sub-regions as it contained fewer voxels than other regions.
This process limits potential bias when dividing each ROI
into sub-regions as it assumes that each ROI can have more
than one function (72–76). Here, we used SEM as a means to
investigate coordination across networks of regions. This method
has successfully identified robust networks of connectivity across
the brain, brainstem, and spinal cord in our previously published
work (51, 58, 68, 73–75, 77, 78).

SEM was carried out by means of a general linear model to
calculate linear weighting factors (β) which indicate the relative
contribution of each connection to the overall network model,
using the time-series data across participants, separately for each
condition. The calculations are dependent on the following logic:
if region A receives input from regions B and C, and the BOLD
signal time-series responses in these regions are SA, SB, and SC,
respectively, then: SA = βAB SB + βAB SB + eA; where eA is
the residual signal variation that is not explained by the fit (67).
The weighting factors were calculated separately for each network
component, consisting of a sub-region receiving input (target)
with multiple regions providing input (sources). Networks were
investigated for every combination of anatomical sub-regions of
each ROI to identify the sub-regions that resulted in the best fits
to the data measured.

The significance of connectivity values (β) was determined
based on their average values across the group, and the estimated
standard errors. Significance was inferred at a family-wise-error
corrected pfwe < 0.05 which accounted for the total number of
network combinations that were tested across combinations of
anatomical sub-regions. With this process, connections with β-
values which were significantly different than zero were identified
and used for subsequent second-level analyses.

Analysis of Variance and Covariance
Analyses of variance (ANOVA) and covariance (ANCOVA)
were employed as a means of comparing study conditions,
time periods of the stimulation paradigm, and behavioural
ratings of pain. Connectivity values (β) were used as the
dependent variable, with study “Condition” used as one discreet
independent variable (Music or No-Music), and the time period
(before or during pain, to test an effect of “Stimulation”) as
the second discrete independent variables for the ANOVA (i.e.
Condition X Stimulation). An ANCOVA was also applied to β-
values as the dependent variable, with study “Condition” as a
discrete independent variable and “Pain Score” as a continuous
independent variable for all 3 time periods of the study paradigm

(i.e., Condition X Pain Score, before, during and after pain).
Significance of these analyses was inferred at a false discovery rate
(FDR) controlled p< 0.05.

Bayesian Regression
To further investigate temporal details of BOLD responses across
ROIs, a Bayesian regression technique was applied to characterise
variations across participants in relation to pain unpleasantness
ratings and the stimulation temperature. This analysis was used
to identify consistent features of BOLD responses in specific
regions which were dependent on individual pain behaviours.

Bayesian regression was applied to each point in the BOLD
time-series responses in each sub-region, for each individual,
using pain unpleasantness ratings and stimulation temperatures
as independent variables. The pain ratings and temperatures
were first centred so the average values across all participants
were equal to zero and scaled so that the largest differences
from the average were equal to one. The data were then fit to
approximate the consistent BOLD responses (S) at the average
pain and temperature ratings (S0), plus linear estimates of the
BOLD variations with pain ratings (Sp) and temperature (St)
(79): S = S0 + pain rating Sp + temperature St. The fitting
process therefore enables us to estimate BOLD response patterns
(S0) independent of individual differences in pain sensitivity or
the stimulation temperature used, as well as to identify how
the BOLD responses varied systematically across participants
with different pain responses. The expected BOLD response
for a region can thus be identified at the average stimulation
temperature, as being S0 + Sp at the highest pain rating, and S0 -
Sp at the lowest pain rating.

RESULTS

Behavioural Results
Participants experienced a significant reduction in pain
unpleasantness during the Music condition as compared to
the No-Music condition, when the same temperature was
applied. Pain unpleasantness ratings decreased by 13.8% from
an average of 26.8 ± 13.4 to 23.1 ± 12.5 [mean ± standard
deviation, Z (19) = −2.4, p < 0.017], between the No-Music
and Music conditions, respectively. Pain intensity ratings only
decreased by 3.5% from 37.6 ± 12.4 (No-Music) to 36.3 ± 12.2
(Music), however this trend was not found to be significant
across conditions (Z (19) = −1.10, p < 0.27). Some degree of
inter-subject variability was noted across participants within
each condition, however a consistent trend of lowered pain
ratings was observed during the Music condition (Figure 4).

Results of the Questionnaires to Assess Participant

Characteristics
Group averages indicated that participants scored within
normal ranges for all questionnaires including the STAI,
SDS, BDI, and PCS (Table 1). Relationships between pain
intensity, unpleasantness, normalised pain scores (pain
unpleasantness/stimulation temperature), and questionnaire
scores were investigated across the group using Spearman’s
rho correlations. Only two significant correlations were found
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FIGURE 4 | Self-reported behavioural ratings for pain intensity and unpleasantness on numerical rating scales (NPS) during the Music and No-Music conditions. Each

coloured line indicates a single participant. Significance at p < 0.05 is indicated (*).

between pain unpleasantness and BDI (rho (18) = −0.49, p <

0.028) and normalised pain score and BDI scores (rho (18) =
−0.49, p < 0.03).

Functional MRI Results
Structural Equation Modelling
Significant connectivity was found within the network model
during both study conditions, across all periods of the stimulation
paradigm (i.e., before, during, and after noxious stimulation).
Connections with weighting factors (β) significantly different
than zero were observed across brain and brainstem regions
and were mainly clustered at the level of the brain (PFC, ACC,
PCC, insula, auditory cortex, thalamus, hippocampus, amygdala,
NAc), with some projections to and from midbrain regions
(PAG, VTA).

Analyses of Variance and Covariance
The results of the SEM analysis were used in secondary
analyses to characterise the relationship between music, pain
processing, timing of stimulation, and individual pain behaviours
(normalised pain scores). An ANOVA (Condition X Stimulation)
was implemented to observe the effect of music on pain
processing in relation to the period of the stimulation paradigm.
The results demonstrate significant main effects of Condition
(Music vs. No-Music) and Stimulation (Before vs. During), in
addition to one significant Interaction effect (Table 2). The main
effect of stimulation was dominated by connections between
the thalamus and insula, primarily from thalamus sub-region 4.
Other connections impacted by the shift from before to during
noxious stimulation (Time) include the following: amygdala →
hippocampus, ACC → insula, insula → auditory cortex, and
insula → amygdala. One connection was identified which was
impacted by the study condition from the NAc→ thalamus, and
one connection from the hippocampus → thalamus revealed an
interaction between study condition and stimulation effects.

An ANCOVA was used to investigate the relationship
between the study condition and individual pain sensitivity

using the normalised pain scores (Condition X Pain Score). A
widespread set of connections across the brain and brainstem
demonstrated significant main effects of Pain Scores and
Condition, as well as one significant Interaction effect (Table 3).
The ANCOVA identified significant effects of pain scores
before and during noxious stimulation from the PCC →

thalamus and the hippocampus → amygdala, respectively. An
respectively. An example of this effect is shown in Figure 5,
indicating a positive relationship between individual pain
scores and connectivity strengths (β) for the hippocampus
→ amygdala connection during the experience of pain.
The significant main effects of the study condition in this
comparison were driven mainly by connections involving
the hippocampus and thalamus. More specifically, we
identified the following connections that differed across
study conditions: before stimulation, hypothalamus → LC
and NAc→ amygdala; during stimulation, hippocampus →

thalamus and insula → amygdala; after stimulation, PCC →

thalamus, hippocampus → amygdala, and auditory cortex →

insula. Only one connection from the PAG → thalamus was
identified to have significant interaction effects in the period
after stimulation.

Bayesian Regression Results
The results of the Bayesian regression analysis provided
average time-courses for all sub-regions at the median pain
rating and temperature used. Here, we provide examples
of average time-courses in the Music and No-Music
conditions from specific sub-regions, as identified by the
ANOVA and ANCOVA analyses (Figure 6). We chose
to show these particular regions as they are involved in
both affective and discriminatory aspects of pain, and they
clearly indicate reactive and continuous neural activity in
response to different periods of the stimulation paradigm.
Details of BOLD responses for all ROIs and sub-regions
in the Music and No-Music conditions can be found in
Supplementary Figures 1, 2.
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TABLE 1 | Results of questionnaires to characterise participants’ individual characteristics and correlations with pain ratings and normalised pain scores in the No-Music

condition.

Questionnaire Avg. Score ± SD Percentile/Range Intensity (rho) Unpleasantness (rho) Norm. Pain Score (rho)

STAI State 31 ± 8 37% −0.23 −0.36 −0.36

Trait 34 ± 10 45% 0.04 0.03 0.33

SDS 16 ± 5 Average −0.11 0.26 0.01

BDI 6 ± 7 Average −0.20 −0.49* −0.49*

PCS Total 9 ± 7 22% 0.10 0.08 0.09

Rumination 4 ± 3 23% 0.23 0.13 0.14

Magnification 3 ± 2 47% 0.02 0.04 0.05

Helplessness 2 ± 3 20% 0.01 0.03 0.03

STAI, State/Trait Anxiety Inventory; SDS, Social Desirability Scale; BDI, Beck Depression Inventory; and PCS, Pain Catastrophizing Scale with sub-domains of Rumination, Magnification

and Helplessness. Average values and percentiles within normal distributions are indicated where available, or the assessment range is indicated. Correlation rho-values between

questionnaire scores and each of pain intensity, unpleasantness and normalised pain scores are also listed, with significant values indicated with an asterisk (*) and df = 18 for

all comparisons.

TABLE 2 | Results from the analysis of variance (ANOVA) comparing the effects of stimulation with the study condition (Condition X Stimulation).

ANOVA-Condition X Stimulation

Source Target p-value Source Sub-Region Target Sub-Region

Stimulation

Thalamus IC 3.09 × 10−8 4 6

Thalamus IC 3.72 × 10−7 4 1

Thalamus IC 6.01 × 10−7 4 2

Thalamus IC 1.86 × 10−6 4 3

Thalamus IC 2.95 × 10–6 5 3

Thalamus IC 4.68 × 10−6 4 4

Amygdala Hippocampus 4.90 × 10−6 4 1

Thalamus IC 8.91 × 10−6 4 5

ACC IC 9.77 × 10−6 7 1

Thalamus IC 1.07 × 10−5 5 6

Thalamus IC 1.48 × 10−5 4 7

IC Auditory 1.55 × 10−5 4 7

Thalamus IC 1.78 × 10−5 5 2

Thalamus IC 1.82 × 10−5 7 3

IC Amygdala 1.91 × 10–5 6 4

IC Auditory 2.04 × 10−5 1 7

Condition NAc Thalamus 1.45 × 10−5 4 3

Interaction Hippocampus Thalamus 9.33 × 10−6 7 3

Source indicates the modelled region providing input signalling to a modelled target region. The sub-region number indicates specific sub-regions out of seven for each region, which

were identified by the ANOVA to have significant changes in connectivity based on Stimulation, Condition, or an Interaction.

DISCUSSION

This investigation provided evidence for behavioural and neural

effects of music on the experience of pain in healthy individuals

using functional MRI and showed that music affects pain

regulation networks in specific ways. Compared with a No-

Music condition, participants rated their pain unpleasantness
significantly lower during theMusic condition. This was reflected
in significant network connectivity differences across conditions,
in relation to normalised pain scores and the stimulus. Clear
trends of cortico-limbic involvement in the effects of music

reinforce the notion that music integrates cognitive, behavioural,
emotional, and autonomic signalling to alter our perception
of pain.

Although participants rated their pain unpleasantness 14%
lower on average during the Music condition, their pain intensity
scores, however, did not differ significantly across conditions.
This is consistent with past behavioural studies of music analgesia
which showed a decrease in unpleasantness but not intensity
(10, 11), or a larger decrease in unpleasantness compared to
intensity (4, 6), which could indicate that music analgesia
involves more cognitive and affective modulation strategies than
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TABLE 3 | Results from the analysis of covariance (ANCOVA) comparing individual pain scores to the study condition (Condition X Pain Score) at all time periods of the

paradigm (before, during, and after stimulation). Source indicates the modelled region providing input signalling to a modelled target region.

ANCOVA-Condition X Pain Score

Source Target p-value Source Sub-Region Target Sub-Region

Main effect of pain score Before stim PCC Thalamus 1.82 × 10−5 1 3

During stim Hippocampus Amygdala 1.99 × 10−5 5 4

After stim - - - - -

Main effect of Study condition Before stim Hypothalamus LC 4.17 × 10−6 4 5

NAc Thalamus 5.62 × 10−6 4 3

During stim Hippocampus Thalamus 4.37 × 10−6 7 7

Hippocampus Thalamus 8.32 × 10−6 7 3

IC Amygdala 2.04 × 10−5 7 3

After stim PCC Thalamus 3.98 × 10−6 7 5

Hippocampus Amygdala 1.55 × 10−5 3 6

Auditory IC 2.14 × 10−5 6 1

Interaction effect Before stim - - - - -

During stim - - - - -

After stim PAG Thalamus 7.76 × 10−6 6 7

The sub-region number indicates specific sub-regions out of seven for each region, which were identified by the ANCOVA to have significant changes in connectivity based on Pain

Scores, Condition, or Interaction effects.

sensory/discriminative effects. Music has also been shown to
significantly decrease pain intensity alone (5, 7, 37), however
these studies did not include measures of pain unpleasantness.
A recent review rejects the focus on reduction of pain intensity
as a one-dimensional assessment of the pain experience, as it
fails to reflect emotional and cognitive dimensions included in
the contemporary holistic clinical approach of pain management
(55). Cognitive and emotional pain modulation strategies may
arise from familiarity, reward, and positive emotional valences
that each participant attributed to their selections of music (i.e.,
happy, stimulating, etc.), leading to passive distraction from the
acute experimental pain, as previously suggested (6, 18).

Significant relationships were found between pain
unpleasantness scores and depression, and normalised pain
scores and depression, however these measures are related via
the stimulation temperature. Although no other relationships
were found, it has been previously shown that personal
characteristics including emotional and cognitive state, pain
catastrophizing, autonomic symptoms, and familiarity with
music significantly impact the pain experience, however a
larger sample size is required to elucidate these behavioural
relationships (6, 12, 18, 80–83). Additionally, a range of scores
were recorded for each questionnaire, but most responders
fell in the “normal” or average range, therefore no meaningful
correlations could be established.

Analyses of variance identified specific differences in
connectivity, as calculated by SEM, which were dependent
on changes across study conditions and time periods within
the stimulation paradigm. Main effects of noxious stimulation
dominate the comparison, specifically differences between
periods before and during noxious stimulation, indicating that
stimulation itself produces larger effects on connectivity than

FIGURE 5 | Example of a main effect of pain score for a connection between

the hippocampus and amygdala in the period during noxious stimulation, as

shown in Table 3 (p < 1.99 x 10−5). The horizontal axis indicates the average

normalised pain score for each participant/condition, and the vertical axis

indicates the connectivity strength (β) for this particular connection. The Music

condition is displayed in blue, and the No-Music condition in red.

music. Multiple connections between the thalamus and insula
differed in strength between these periods, which may indicate
strong reactive responses to pain in these regions. The thalamus
is an important integration centre for afferent sensory input,
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FIGURE 6 | Examples of Bayesian regression results showing average BOLD time-courses from specific sub-regions, identical for both conditions, selected from the

analyses of variance and covariance. Time-courses are displayed in blue for the Music condition, and red for the No-Music condition. The vertical axis indicates

percent BOLD signal change from the mean and the horizontal axis indicates time in seconds. The vertical yellow bar indicates the period of noxious stimulation.

and it relays noxious information to the posterior insular cortex
which, in turn, acts as an integration point for nociception,
emotion, salience, interoception, and autonomic homeostatic
information (56, 57, 84, 85). This effect is also seen in results
of the Bayesian regression (Figure 6), which demonstrate
primarily reactive BOLD responses to noxious stimulation in
both conditions in the insula and thalamus.

An effect of music was seen in all periods of the stimulation
paradigm, compared with fewer effects of pain scores, and one
interaction, calculated via analysis of covariance. Interestingly,
insular connectivity that was affected by the study condition
occurred only in the periods during and after stimulation,
echoing the reactive, salient, effect of stimulation seen in ANOVA
and Bayesian regression results in the insula. The involvement
of the insula in the period after stimulation also supports
evidence for integration of affective, cognitive, homeostatic,
and interoceptive function, as participants experienced lingering
after-sensations from noxious stimulation during this period
and had opportunities to reflect on and appraise the pain that
they had just felt (37, 56, 86). Affective processing surrounding
the pain experience can also be inferred from this insular
connection to the auditory cortex due to previous evidence for
IC responses to emotional contents of auditory stimuli (87).
Furthermore, music impacted connections between insula →

amygdala and hippocampus → thalamus during the experience

of pain, highlighting integration of limbic input in the effect of
music analgesia of music analgesia (37, 88).

The ANCOVA also demonstrated a main effect of pain scores
in two connections in the periods before and during noxious
stimulation, indicating a potential priming effect of individuals’
pain history and sensitivity on anticipation and sensation of
pain. In the period before stimulation, participants experienced
predictable anticipation of the impending pain, using this time
for any natural behaviours including internally directed thought,
daydreaming, expectation, etc. This effect may be inferred from a
connection prior to stimulation between the PCC and thalamus,
regions involved in the default mode network which is implicated
in internally directed thought (89, 90). While the broad functions
of the PCC are debated, it has been associated with emotional
salience, discriminative avoidance learning, planning, attention,
and episodic memory (90–92). The PCC and thalamus are both
densely connected to limbic and paralimbic structures, including
the amygdala and hippocampus, further implicating cognitive
and emotional integration strategies in pain modulation (89,
93). The relationship with individual pain scores reinforces this
suggestion as they relate to individual differences, memory, and
cognitive/emotional appraisal of pain. Differences in cognitive
strategies for pain modulation have been shown to be mediated
by communication between regions involved in executive control
and those involved with the “salience network” which includes
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many limbic regions (85, 94). Interestingly, connectivity between
the amygdala and the hippocampus, largely involved with
learning, memory, and emotion (95), varies based on pain
scores during the period of noxious stimulation. This connection
may further demonstrate the effects of personal pain history
and sensitivity on the cognitive/emotional context during the
subjective experience of pain. The strong relationship between
pain behaviours and neural activity can be seen in the plot
of this connection between these two regions during noxious
stimulation (Figure 5).

Bayesian regression analyses demonstrate temporal properties
of BOLD responses and show predictable, reactive responses to
noxious stimulation in regions such as the insula and thalamus,
indicating predominantly sensory/discriminative signalling
effects. Regions such as the amygdala and hippocampus
show more continuous signalling, suggesting potential
cognitive/affective integration across the paradigm (Figure 6).
While reactive responses to the stimulus are quite similar
across conditions in the insula and thalamus, the amygdala
and hippocampus show greater changes in signal amplitude
across conditions during stimulation. This further reinforces
the notion that limbic regions may work to modulate our
perception of pain as we anticipate, experience, and recover
from it, rather than simply reacting to a noxious sensation.
Noticeable differences in BOLD signal fluctuations across Music
and No-Music conditions are seen in the periods before and
after stimulation in all regions, indicating altered anticipation
and relief across conditions. Lastly, regions such as the insula,
frontal cortex, and ACC reacted most strongly to a change in
the period of the stimulation paradigm (i.e., onset of scanning,
onset/offset of pain), suggesting that salience to a change in
our environment plays a role in the holistic experience of pain
(Supplementary Figures 1, 2) (96, 97).

Although this study demonstrated important broad effects
of music analgesia across neural networks in the brain and
brainstem, there are limitations to consider. While there is
a wealth of behavioural knowledge regarding music analgesia,
there is limited functional neurological data to build upon.
Functional MRI is an inherently indirect method and, as such,
provides information about neural activity via changes in blood
oxygenation, which are related to the local metabolic demand.
However, we do not have information regarding excitatory or
inhibitory signalling. Additionally, the noise of the scanner may
compete with the sound of the music, potentially confounding
the analgesic effects. SEM is based on a pre-determined
anatomical model and therefore contains limited information,
for example some possible anatomical connections were omitted
to decrease the number of multiple comparisons and necessary
computing power. Even so, we were limited to describing the
main findings related to the hypothesis, as these analyses produce
too many detailed results to discuss in one text. Additionally,
to maximise data quality in small brainstem regions, our field
of view omitted superior regions of the cortex and therefore we
could not capture the primary somatosensory cortex, which is
directly involved in the sensory experience of pain. The fMRI
methods were optimised for brain regions, and challenges with
imaging in the lower brainstem regions may also have limited

BOLD sensitivity in these regions. Our goal when calibrating
the stimulation temperature is to produce the same approximate
pain intensity (i.e., moderate pain) in all participants. As seen
in Figure 5, the individual differences in normalised pain scores
(pain unpleasantness rating / temperature ◦C) are closely related
to the connectivity values seen across participants and conditions.
Despite individual variability across participants we were still able
to detect significant differences in network connectivity between
Music and No-Music conditions, providing evidence for a
neural basis of music analgesia. Additional investigations should
be undertaken in the future to specifically address individual
differences in functional data of this type and extend the age
range beyond young adults. Finally, it is difficult to distinguish
effects of cognition, emotion, salience, attention/distraction, and
expectation of treatment (music), as these are closely linked.
None the less, we believe that our results accurately reflect the
complex network of interconnected regions with many functions
that contribute to the pain experience (98).

Here, we have provided evidence for the behavioural and
neural effects of music analgesia through individual ratings
of pain, and changes in network connectivity by means of
fMRI. The effect of music on pain perception appears to
involve cognition, emotion, memory, salience, and multi-sensory
integration, and serves to reduce primarily the unpleasantness
of pain. Connecting with music on an emotional level may have
the advantage of reducing pain in predictable scenarios such as
medical procedures and positively impact the quality of life and
daily function of those living with chronic pain.
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