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Music Modulation of Pain Perception and Pain-Related Activity

in the Brain, Brain Stem, and Spinal Cord: A Functional Magnetic

Resonance Imaging Study
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Abstract: The oldest known method for relieving pain is music, and yet, to date, the underlying

neural mechanisms have not been studied. Here, we investigate these neural mechanisms by

applying a well-defined painful stimulus while participants listened to their favorite music or to no

music. Neural responses in the brain, brain stem, and spinal cord were mapped with functional

magnetic resonance imaging spanning the cortex, brain stem, and spinal cord. Subjective pain ratings

were observed to be significantly lower when pain was administered with music than without music.

The pain stimulus without music elicited neural activity in brain regions that are consistent with pre-

vious studies. Brain regions associated with pleasurable music listening included limbic, frontal, and

auditory regions, when comparing music to non-music pain conditions. In addition, regions demon-

strated activity indicative of descending pain modulation when contrasting the 2 conditions. These

regions include the dorsolateral prefrontal cortex, periaqueductal gray matter, rostral ventromedial

medulla, and dorsal gray matter of the spinal cord. This is the first imaging study to characterize

the neural response of pain and how pain is mitigated by music, and it provides new insights into

the neural mechanism of music-induced analgesia within the central nervous system.

Perspective: This article presents the first investigation of neural processes underlying music anal-

gesia in human participants. Music modulates pain responses in the brain, brain stem, and spinal cord,

and neural activity changes are consistent with engagement of the descending analgesia system.

ª 2014 by the American Pain Society
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ain is a highly subjective and unpleasant experience
that can be mitigated by passive music listening, a
phenomenon known as music-induced analgesia.

Music-induced analgesia has been used as a treatment
option for pain for thousands of years, and behavioral
studies investigating this phenomenon have demon-
strated a decrease in subjective pain ratings duringmusic
listening.9 There has been extensive research showing
that music-induced analgesia can reduce stress, depres-
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sion, and distress in people with acute and chronic
pain.9 A seminal study by Gardner stated that 90% of
5,000 patients undergoing dental surgery reported
reduced painwhile listening tomusic.18 A current review
of 51 music-induced analgesia studies supports this
finding, and it showed that in more than 3,500 patients
suffering various forms of pain, 70% had a greater prob-
ability of reporting at least a 50% decrease in pain with
music analgesia and a reduction in opioid medications.9

Although there is considerable evidence to support the
use of music for pain reduction, studies have yet to
demonstrate its mechanisms of action.
Functional magnetic resonance imaging (fMRI) has

been used to investigate pain processing in humans
in recent years8,39,47 and provides a means of
determining how music exerts an analgesic effect. fMRI
studies have demonstrated neuronal responses to
painful stimulation in the amygdala, anterior cingulate
cortex (ACC), somatosensory cortex, insula, and
hypothalamus.11,38 It has also been shown with fMRI in
cortical regions,57 the brain stem,55 and the spinal
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cord49 that changes in attentional focus influence neural
activity in response to noxious stimuli. Significantly
lower blood oxygenation level–dependent (BOLD)
signal changes were observed in the dorsal horn of
the spinal cord when participants attended to the
pain, compared to when attending to a cognitive task.
Eippert et al14 also used fMRI to demonstrate that influ-
encing pain perception via the placebo effect reduced
BOLD responses to painful thermal stimuli in the spinal
cord.
Recent neuroimaging studies have also demonstrated

how listening to pleasant music activates brain areas
involved with reward, emotion, and arousal such as the
limbic system, orbitofrontal cortex (OFC), cerebellum,
and medial prefrontal cortex (PFC).4,5,25 Music-induced
analgesia is hypothesized to occur as a result of the
release of opioids during music listening,19 thereby
engaging the descending pain modulation system, with
regions of the brain and brain stem suppressing nocicep-
tive responses in the spinal cord.15 However, no investiga-
tions of the neural activity involved with music-induced
analgesia have been carried out to date. Recent develop-
ments of fMRI techniques toobtain data in the spinal cord
and brain stem, as well as in the cortex, now make it
possible to study the link betweenmusic and its influence
on pain processing at the neuronal level (albeit by indi-
rect measures).52,58

The objective of this studywas to characterize the neu-
ral responses tomusic-induced analgesia throughout the
entire central nervous system to further the evidence
gained from behavioral studies and to investigate
whether the pain-relieving properties of music act via
the descending analgesia system. We investigated the
neural mechanisms involved in music-induced analgesia
by using fMRI of the brain, brain stem, and spinal cord
in the same imaging session. Acute pain was induced in
healthy participants by means of noxious heat while
they either listened to their favorite pieces of music or
heard no music as a control. Participants also provided
subjective pain ratings so that we could confirm the
behavioral effects of music listening. We hypothesized
that pleasant music would reduce the subjective ratings
of pain, compared to when no music is presented. We
also hypothesized that neural activity—inferred from
BOLD signal changes in fMRI data in areas known to be
involved in pain processing—would be reduced when
participants listened tomusic. These areaswere expected
to include the dorsal horn of the spinal cord (C6), the
periaqueductal gray (PAG) matter, and the rostral
ventromedial medulla (RVM). We also expected that
there would be activity in brain regions involved with
reward and emotion during music listening.
Figure 1. Pain rating scale used by participants during training
and throughout fMRI studies.
Methods

Participants
Healthy female nonmusicians aged 18 to 40 partici-

pated in this study (n = 12). Nonmusicians were defined
as never having received instruction on singing or play-
ing an instrument and never having received special
musical education besides what is normally given in pub-
lic schools.27 Female participants were selected in order
to avoid gender differences in pain sensitivity in an
effort to obtain consistent effects across participants.
Compared to men, women are more sensitive to thermal
detection and thermal pain at the thenar eminence24

and tend to have a greater response to music-induced
analgesia.21 Participants were also tested in the luteal
stage of their menstrual cycle, occurring in the last 2
weeks of their natural cycle or cycle of oral contracep-
tives, because pain perception and the opioidergic
system can be influenced by the stage of menstrual
cycle.12 Because of the influence of emotion and cogni-
tion on perceived pain, participants were screened with
a series of questionnaires to ensure there was no history
of psychiatric disorders and no current symptoms of
depression or anxiety. Questionnaires included the
Beck Depression Inventory,3 Spielberger’s State-Trait
Anxiety Inventory,45 the Crowne-Marlowe Social Desir-
ability Scale,10 and the Pain Catastrophizing Scale.53 All
participants provided informed consent, and this study
was reviewed and approved by the institutional research
ethics board.
Noxious Thermal Stimulation
Painful thermal stimulation was delivered with a

well-characterized method employing temporal summa-
tion of second pain, or ‘‘wind-up.’’40,47 This effect has
been shown to be a central phenomenon, mediated
specifically by input to the spinal cord via C-fibers, and
can be induced experimentally by applying brief noxious
stimuli at least once every 3 seconds.40,41 It is therefore a
useful method for inducing a well-defined pain response
in the spinal cord and is well tolerated by research partic-
ipants because each stimulus is applied only very briefly,
although the overall second pain response builds over
time.
Thermal stimulation was administered on the thenar

eminence of the right hand, corresponding to the C6
dermatome, by means of a Medoc TSA-II thermal sensory
analyzer (Medoc Ltd, RamatYishai, Israel). First, each indi-
vidual was familiarized with the sensations produced by
brief heat pulses and was trained to rate her second
pain on a 100-point rating scale (Fig 1). The pain rating
scale depicted verbal descriptors at 10, 20, 30, .100 (no
sensation, warm, a barely painful sensation, very weak
pain, weak pain, moderate pain, slightly strong pain,
strong pain, very strong pain, nearly intolerable pain,
intolerable pain). This scale has been used extensively in
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pain studies andhas been shown tobeeffective for rating
repetitive thermal stimuli and for distinguishing levels of
sensation intensity.46-48,56 The scale was visible to the
participants throughout the psychophysical testing.
Participants experienced thermal stimulation in a

‘‘wind-up’’ paradigm consisting of 10 hot, brief heat
pulses applied at 2 distinct frequencies. The high-
frequency paradigm consisted of pulses administered
every 3 seconds (.33 Hz) to evoke temporal summation
of second pain.40 During the training and calibration
stage, a low-frequency paradigmwas also used that con-
sisted of pulses every 6 seconds (.17 Hz), and this rate was
not sufficient to produce temporal summation. The ther-
mode was initially held at a warm adaptation tempera-
ture for 23 or 50 seconds (depending on the rate of
presentation of the pulses), followed by 10 pulses of
heat and then 75 seconds again at the warm adaptation
temperature. The heat pulses consisted of an 8 �C
increase from the warm adaptation temperature over
1.5 seconds and then a decrease back to the warm adap-
tation temperature over 1.5 seconds. Therefore, the
warm adaptation temperature and the peak tempera-
ture were always 8 �C apart, and the peak temperature
was applied very briefly. The stimulation temperatures
were calibrated according to each individual’s pain sensi-
tivity. In total, the stimulation paradigms were 155
seconds in length, with a rest period of 2 minutes be-
tween each trial to allow the skin receptors to recover
(Fig 2).
Training Phase I
Prior to imaging, participants were trained in a ‘‘sham’’

MRI environment to become familiar with the environ-
ment, topracticewith the studyprocedures, and toensure
that the temperature could be calibrated to evoke the
temporal summation effect. For the first phase, partici-
pants sat upright and gave a pain rating for 1 heat pulse
and then 2 pain ratings for 2 pulses to ensure that they
were comfortable with feeling the pulses and rating
them on the pain scale. Subsequently, participants were
given several series of 10pulses at .33Hz and several series
of 10 pulses at .17 Hz, to which they reported both the
average and maximum pain felt across each series. The
temperatures were adjusted between each series until
the participant consistently reported averagepain ratings
of approximately 60 for 10 pulses presented at .33 Hz. At
the same temperature, participants typically reported
Figure 2. Thermal stimulation paradigm with heat pulses
presented at a frequency of .33 Hz to induce temporal summa-
tion. Every participant experienced heat pulses with amplitudes
of 8 �C; however, the adaptation temperature (shown at 41 �C)
and peak temperature (shown at 49 �C) were calibrated for
each individual’s pain sensitivity.
average pain ratings of approximately 30 for the .17-Hz,
10-pulse trials. Once these consistent ratings were estab-
lished and the temporal summation effect was evident,
participants were positioned supine inside the sham MRI
withheadphones on, to replicate the environmentduring
fMRI studies, for the second phase of training. If the
participant did not elicit the temporal summation effect,
she did not move on to the second phase of training. As
the low-frequency paradigm was only used to confirm
that temporal summation was induced by the high-
frequency stimulation, it was not included in the
remainder of the study.
Training Phase II
Prior to the study, each participant had been asked to

bring her favorite selections of music of any genre, as
long as each selection was at least 215 seconds in length.
The music was presented for 60 seconds before the start
of the stimulation paradigm (which was 155 seconds in
duration) in an effort to have the participants fully en-
grossed in the music when the stimulation started. These
music pieces were used in the second phase of training to
determine their influence on pain perception. Partici-
pants were asked to bring their favorite music because
self-selected music has shown to be more likely to
activate brain regions of reward and emotion compared
to assigned music.4 While lying in the sham MRI, partici-
pants were subjected to the high-frequency stimulation
protocol, with the stimulation temperature that pro-
duced consistent average pain ratings of 60. Testing
was carried out in 10 applications of the stimulation
paradigm (ie, 10 ‘‘runs’’), including 5 runs during which
the participants’ preferred music was played through
headphones. The runs with music (music 1 pain condi-
tion) were interleaved with those without music (pain-
only condition), and the starting condition was varied
in a random order across participants.
At theendofeachrun,participantswereaskedtoreport

their average pain and maximum pain for the series of 10
pulses. Unbeknownst to the participant, the stimulation
temperature was consistent throughout testing. Partici-
pants were told that they would feel a variety of temper-
atures, and they were not aware that the pain paradigm
was identical during each run. This was to ensure that
the self-reported ratings actually reflected what the
participant felt and not any other predisposed notions.
After each runwithmusicplayed,participants alsowere

asked to rate themusicpiecebasedon4 criteria toprovide
further insight on the mood of the individual. The scales
ranged from 0 to 10, and the dimensions included
relaxed–tense, very sad–very happy, unpleasant–pleasant,
and angry–calm. Therefore, participants reported a total
of4 ratings foreachpiece.Thepainandmusic rating scales
were projected onto a rear-projection screen outside of
the MRI, which could be seen by the participant via a
mirror positioned above her head.
MRI
The imaging session took place on a different day to

avoid sensitization of the skin and reduce fatigue during



Figure 3. Example of the fMRI data obtained in the brain stem
and spinal cord with the HASTE acquisition method employed
for this study. The slice shown is a midline sagittal slice from 1
participant and is representative of our data quality.
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the experiment. Prior to imaging, the temperature cali-
bration was verified by applying 10 heat pulses to the
participant’s thenar eminence of the right hand at rates
of both .33 and .17 Hz, and the average and maximum
pain ratings for each were obtained. If the ratings did
not match the ratings given during the training session
(as pain perception can vary with anxiety, mood, alert-
ness, etc), the calibration was reestablished by adjusting
the temperature slightly as needed (5 of the 12 partici-
pants’ temperatures were adjusted a maximum of 1.5
�C in either direction).
All imaging was done with a 3-T whole-body MRI

system (Siemens Magnetom Trio; Siemens, Erlangen,
Germany). Before entering the MRI system, participants
put on MR-compatible headphones that were used to
present theirmusic selections at appropriate timesduring
the fMRI studies. A sound check was done with a desig-
nated classical music piece to ensure that the quality
and loudness were comfortable for each participant.
Noise due to imaging stayed constant throughout the
fMRI studies, and between participants, at 85 decibels.
The MR-compatible headphones provided passive noise
attenuation by �30 decibels. Participants were posi-
tioned supine on the MRI bed and entered the magnet
head-first. A spine array-receiver coil was incorporated
into the patient bed, and a 6-channel neck-coil and a
12-channel head-coil were in place for all studies, which
were selected as needed for the regions being imaged
(details below). A body coil was used for transmission of
radiofrequency excitation pulses. Initially, a set of local-
izer images were acquired with a fast gradient-echo
sequence in 3 planes to provide a reference for slice posi-
tioning. In addition, sagittal and coronal localizer images
were acquired to allow for precise positioning of the
participant for spinal fMRI. These were followed by
fMRI acquisitions with the high-frequency stimulation
paradigm, with music played (music1 pain), or no music
(pain-only), in analternatedorder across runs. Each imag-
ing session consisted of 8 spinal cord imaging runs (4
music 1 pain, 4 pain-only) and 6 brain imaging runs (3
music 1 pain, 3 pain-only). The experimental protocol
was identical to the second half of the training phase,
with the rating scales displayed to the participant in a
similar manner (see Phase II).
Spinal functional image data were acquired using a

half-Fourier, single-shot, fast spin-echo sequence
(HASTE). This method was chosen to avoid echo-planar
imaging spatial encoding methods, in order to obtain
high-quality MR images of the spinal cord and brain
stem in sagittal slices, with no spatial distortions, as
shown in Fig 3.50-52 Images were acquired in 2-mm-thick
sagittal slices, with a 280mm� 210mmfield of view, and
a 192 � 144 matrix, to provide approximately
1.5 mm � 1.5 mm in-plane resolution. The field of view
spanned from above the corpus callosum to below the
C7/T1 intervertebral disc. As a partial-Fourier method
was employed, 84 phase-encoding steps were acquired
(partial Fourier with half of k-space 1 12 lines of over-
sampling). A spatial saturation pulse was applied to
reduce the signals arising from structures anterior to
the spine to reduce motion artifacts. Nine contiguous
sagittal slices were acquired to span the cord and brain
stem in the left–right direction. The echo time (TE) was
set to 75 ms, to match the approximate spinal cord tissue
T2 value, for optimal T2-weighted BOLD contrast.6 The
repetition time (TR) was set to the minimum value
possible with this imaging method, at 6.75 seconds per
volume. Across 4 repeated trials, we acquired 92 imaging
volumes for subsequent fMRI analysis in order to detect
the influence of the music, or no music, on the responses
to the noxious thermal stimulus.
Brain imagingdatawere acquired similarly to the spinal

fMRI protocol, except that a gradient-echo imaging
method was employed with echo-planar imaging spatial
encoding. Transverse slices with a field of view spanning
192 � 192 mm2 with a 64 � 64 matrix were acquired to
produce a 3 mm � 3 mm in-plane resolution. The slices
were 3 mm thick to provide isotropic resolution, with a
total of 43 slices acquired to span the entire brain and up-
per brain stem. Typical brain fMRI parameters
(TR = 3 seconds, TE = 30 ms) were selected to provide
optimal T2*-weighted BOLD contrast. The brain and
upper brain stem were imaged 51 times during each
155-second thermal stimulation trial. Three trials were
carried out with each pain condition (3 music 1 pain, 3
pain-only), resulting in 153 volumes for each, for subse-
quent fMRI analysis. The number of imaging volumes
needed to detect our effect size, 92 for spinal imaging
and153forbrain imaging,wasdeterminedbythemethod
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described by Murphy and colleagues.34 These values
were computed assuming values for spinal cord fMRI
data of temporal signal-to-noise ratio = 50, effect
size = 2.1%, P < 5 � 10�5, approximately 6,000 voxels;
and for brain fMRI data of temporal signal-to-noise
ratio = 180, effect size = .05%, and P < 5 � 10�6, approxi-
mately 50,000 voxels.
Analysis
fMRI data from the spinal cord and brain stem were

analyzed using custom-made software written in Mat-
Lab (The Mathworks Inc, Natick, MA). Time-series image
data were first converted to NifTI format and were core-
gistered (using the third volumeof each time series as the
reference) to correct for bulk motion using the nonrigid
3D registration tool in the Medical Image Registration
Toolbox.35,36 Data were then analyzed by means of a
general linear model (GLM) analysis. The basis
functions for the GLM included a model paradigm for
the thermal stimulation convolved with the BOLD
hemodynamic response function, a constant function,
and the first 2 principal components of the time-series
data for all voxels in the spinal cord and brain
stem.6,17,51,59 The first 2 principal components were
included as regressors in the GLM analysis because they
identify temporal patterns of variance in the time-
series data that are common across all voxels and are
therefore likely to be attributable to physiological
motion.6

The GLM results were then spatially normalized using a
supervisedmethod, as follows.6 Nine reference lineswere
manually drawn on 1 volume of each set of time-series
image data to guide the spatial normalization process
and to generate regionmasks.Within themidline sagittal
slice of each data set, 5 lines were drawn along the ante-
rior and posterior edges of the cord, around the edge of
the pons, along the posterior medulla, and along the top
of the corpus callosum. In addition, 4 lineswere drawn on
a resliced midline coronal view (based on the sagittal ref-
erences lines) to mark 1) the bottom of the pons, 2) an
extension through the middle of the image spanning
the corpus callosum to the bottom of the pons, and 3)
the right and left boundaries of the spinal cord. These
lines were used to guide a 3D spatial mapping method
that employs piecewise affine transformations, to enable
mapping of the image data to a predefined reference
template.6 The reverse transformation was also deter-
mined to enable mapping of a region-of-interest mask
and region labels onto the data in the original format.
The mapping to the normalized template (forward trans-
formation) was also fine-tuned using the Medical Image
Registration Toolbox.35,36 A random-effects analysis was
then carried out on the GLM results (ie, b values corre-
sponding to the stimulation paradigm in the GLM) to
determine significant group-level activity in each of the
music 1 pain and pain-only conditions.
Region-of-interest analyses were carried out by

defining contiguous 3D volumes in the normalized 3D
representation of the cord and brain stem and by
reverse-mapping the regions to the original data for
each participant. The regions selected were based on
clusters of voxels that were identified as being consis-
tently active at the group level in the random-effects
analyses. The means and standard errors of the b values
across the regions were determined for each group.
Each analysis region constitutes a single statistical com-
parison and is therefore not influenced by the problem
of multiple comparisons.
Brain fMRI data were analyzed using the statistical

parametric mapping (SPM8) software package (Well-
come Department of Imaging Neuroscience, London,
England). The time-series image data were first con-
verted into NifTI format, realigned, and coregistered
with the slice timing corrected. The motion parameters
from the coregistration helped to account for residual
motion effects (ie, steady-state magnetization). In addi-
tion, the data were smoothed with a 5-mm full width
at half maximum Gaussian kernel and spatially normal-
ized to the Montreal Neurological Institute standard
space. The GLM for brain analysis closely resembled the
spinal fMRI basis functions (ie, stimulation paradigm
convolved with the canonical hemodynamic response
function). Data were corrected for multiple comparisons
by limiting the family-wise error rate to P < .05. To aid in
our identification of regions affected, we used the Atlas
of the Human Brain28 and the Talairach Daemon Client
(Version 1.1; Research Imaging Center, University of
Texas Health Science Center, San Antonio, TX).
Results
Listening to music while the noxious stimulation para-

digmwas applied corresponded with a reduction in pain
ratings (Table 1). Differences in activity between runs
with music (music 1 pain condition) and without (pain-
only condition) music were observed in fMRI results in
the brain, brain stem, and spinal cord, as detailed below.
In the brain, prominent differences in activity were
observed in limbic and paralimbic regions, frontal tem-
poral cortex, and sensory cortex. Results of spinal
cord fMRI demonstrated differences in activity within
anatomic proximity to the RVM, the dorsolateral pontine
tegmentum and the PAG area, and the sixth cervical spi-
nal cord segment (C6).
Subjective Ratings
Onaverage, participants rated their self-selectedmusic

as being relaxed (3.06 2.6 [mean6 standard error of the
mean]), happy (7.1 6 2.0), pleasant (8.0 6 1.8), and calm
(7.3 6 2.2). Both the average and maximum pain ratings
provided during the music condition were significantly
lower than those without music for the training session
and the MRI session (paired t-test, P < .01). During the
training session, participants rated the average
(54 6 2.4) and maximum (62 6 2.1) pain ratings in the
music 1 pain condition significantly lower than the
average (59 6 1.9) and maximum (67 6 1.6) ratings in
the pain-only condition. Similarly, during the MRI
session, the music 1 pain condition had an average
pain rating of 53 6 2.8, compared to 57 6 2.7 during



Table 1. Average and Maximum Pain Ratings
Across Participants in the MRI Session on a
Scale of 0 to 100WithMusic andWithout Music

PARTICIPANT

MUSIC NON-MUSIC

AVERAGE MAXIMUM AVERAGE MAXIMUM

1 50 60 57 66

2 63 70 65 72

3 37 55 41 55

4 66 76 69 79

5 59 59 62 62

6 58 64 64 70

7 58 74 65 80

8 38 43 42 46

9 46 51 55 60

10 44 53 48 57

11 57 67 54 65

12 57 60 55 61

Average 53 61 57 65

Table 2. T-Score Values for Activations in the
Music 1 Pain Condition Versus the Pain-Only
Condition for Left and Right Brain Hemispheres
(1-Sample t-Test)

PAIN 1 MUSIC PAIN-ONLY

LEFT RIGHT LEFT RIGHT

Limbic areas

Insula (13) 10.0 5.2 6.1 5.3

Nucleus accumbens 2.8

Amygdala 2.8

Ventral ACC (24) 4.1 5.4 6.1 5.6

Dorsal ACC (32) 6.1 3.9

Ventral posterior cingulate

cortex (23)

5.3

Parahippocampal gyrus (34) 3.2 4.0 3.3

Hippocampus 2.7 3.0

Frontal cortex

Inferior frontal gyrus (47) 7.0 7.5 3.7

DLPFC (9) 4.5 4.3

Medial PFC (8) 4.5 4.5 3.8

OFC (11) 4.6

Pars opercularis Broca’s area (44) 6.3

Anterior PFC (10) 4.7 7.8 3.6 5.0

SMA (6) 4.5 5.2 5.3 3.1

Midbrain

Caudate 3.3 5.0 5.3

Global pallidus 7.2

Caudate tail 5.6

Putamen 7.4 4.6

Thalamus 4.7 6.6 6.4

Hypothalamus 3.8 3.1 3.8
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the pain-only condition. Themaximumpain ratings were
also lower during themusic1 pain condition at 616 2.8,
as compared with 656 2.7 with pain-only (Table 1). Tem-
peratures were adjusted between the sham and MRI
sessions in 5 of the 12 participants. The warm adaptation
temperature used in sham sessions had an average value
of 41.3 �C, and the average stimulus temperature was
49.3 �C. In the MRI sessions, the average warm adapta-
tion temperature was 41.1 �C, and the average stimulus
temperature was 49.1 �C.
Temporal cortex

Fusiform gyrus (20) 4.1 4.4

Middle temporal gyrus (21) 4.5 8.3

Superior temporal gyrus (22) 6.6

Temporopolar area (38) 4.7 5.1

Other areas

Supramarginal gyrus (SII) (40) 4.6 7.0 4.4

Primary somatosensory cortex (3) 4.0

Precuneus (19) 4.1

Posterior cerebellum 4.9 6.8 5.7 4.9

Anterior cerebellum 4.3 5.1 4.5 4.7

NOTE. After each brain region, the corresponding Brodmann area is shown in

parentheses (for Talairach coordinates, please see Supplementary material).
Brain fMRI Results
First, we identified areas with significantly different b

values (ie, magnitude of the BOLD response change
from baseline) in both conditions separately. Brain imag-
ing results indicated that there were significant
differences in the BOLD responses when analyzing pain
administered within the music 1 pain condition alone,
and for pain administered during the pain-only condition
alone (1-sample t-test). Both music 1 pain and pain-only
conditionselicitedbilateralactivationsof the insula (Brod-
mann area [BA] 13), ventral ACC (BA 24), anterior PFC
(BA 10), supplementary motor area (SMA; BA 6), and cer-
ebellum. Only themusic1 pain condition produced bilat-
eral activity in the inferior frontal gyrus (BA 47), medial
PFC (BA8), hypothalamus, hippocampus, and supramargi-
nal gyrus (BA 40). Significant activity changes pertaining
to music 1 pain were also found in the right OFC (BA
11), right nucleus accumbens, right caudate nucleus, and
left amygdala. The pain-only condition elicited bilateral
activity in the striate cortex, dorsal ACC (BA 32), and thal-
amus, as detailed in Table 2.
Second,we identified areaswith significantly different

b values in one condition versus the other. A contrast be-
tween the pain responses in the music 1 pain condition
and the pain-only condition demonstrated significant
differences in BOLD responses (paired t-test) in areas of
the limbic system including the ventral tegmental area,
right nucleus accumbens, left insula (BA 13), bilateral
dorsal ACC (BA 32), right ventral ACC (BA 24), and right
parahippocampal gyrus (BA 36) (Fig 4, Table 3). The
magnitude of the BOLD response also increased within
several areas of the frontal cortex and the temporal
cortex (music 1 pain condition vs pain-only condition).
The areas of the frontal cortex include the right OFC
(BA 11), left primary somatosensory cortex (SI; BA 3),
bilateral dorsolateral PFC (DLPFC; BA 9), and the right
SMA (BA 6), whereas temporal regions include the bilat-
eral middle temporal gyrus (BA 21), bilateral fusiform gy-
rus (BA 20/37), left superior temporal gyrus (BA 22), and
left primary auditory cortex (BA 41). Finally, significant
areas of the midbrain and cortex also demonstrated an
increase in BOLD signal change in the music 1 pain con-
dition, including the right hypothalamus, cerebellum,
pulvinar, ventral posterolateral thalamus, bilateral



Figure 4. Neuroanatomic regions demonstrating the significant differences (t-scores) between the music1 pain condition and the
pain-only condition (paired t-test, P > .005); somatosensory cortex of the hand (SC Hand); pulvinar thalamus (P. Thal); parahippocam-
pal gyrus (PHC); insula (Ins); primary auditory cortex (1� Aud); OFC; and ACC.
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precuneus (BA 19/7), and left secondary visual associa-
tion cortex (BA 18).
Brain Stem and Spinal Cord Results
Several brain stem and spinal cord regions had consis-

tently different BOLD response magnitudes between the
music 1 pain and pain-only conditions during the high-
frequency stimulation paradigm, as determined by
region-of-interest analyses (Fig 5). The area of the RVM
showed a largermagnitude of the BOLD response during
the music condition (1.4 6 .3) (mean % BOLD signal
change 6 standard error of the mean) compared to the
non-music condition (.6 6 .5). Within the pons, the
dorsolateral pontine tegmentum area showed similar
levels of signal changes between conditions, with the
music 1 pain condition producing slightly higher re-
sponses (1.1 6 .2) than the pain-only condition
(.9 6 .3). Playing music resulted in significantly higher
response magnitudes within the PAG region (.9 6 .4),
whereas pain-only resulted in a smaller response
(�.2 6 .4). The music 1 pain condition had a reduced
(more negative) response in the region of the right dor-
sal horn of C6 (�3.4 6 1.8) compared to the pain-only
condition (�.5 6 1.0). In contrast, the left ventral horn
area demonstrated larger BOLD responses during the
music1 pain condition (1.46 .8) than the pain-only con-
dition (.4 6 .5).
Discussion
This is the first study to investigate the structures and

mechanisms involved in music-induced analgesia within
the entire central nervous system. Participants were
asked to select their favorite music of any genre, and
on average, participants chose music they rated as
relaxed, happy, pleasant, and calm. Music shown to be
the most effective at reducing pain is described as being
pleasant,42 calm, and relaxing.20,22 The similarity inmusic
ratings may explain the consistency in neural activity
across participants, regardless of music choice. Imaging
results demonstrated that the music 1 pain condition
was accompanied by activity in areas that process music
stimuli, as well as areas of the descending pain
analgesia system.31 Because the pain stimulus remained
constantwithin each individual, the differences detected
between the music 1 pain and pain-only conditions can
be attributed to the effect of music.
Behavioral results obtained during this study confirm

that pain rating scores were significantly lower with
music playing than without music playing. Pain ratings
reported for the pain-only condition were in the high
50s and 60s of the 100-point scale. The reduction in
subjective pain ratings as a result of music was approxi-
mately 5 points and can therefore be considered to be
a roughly 10% reduction in pain compared to the pain-
only condition ratings. Therefore, according to our re-
sults, music analgesia produces a minor alleviation of
pain as opposed to elimination of pain. These results
are consistent with the expectations of music analgesia
and the results of previous literature, asmusic analgesia’s
considered use is as an adjunctive therapy instead of a
monotherapy. As music offers a wealth of benefits other
than pain relief, with no negative side effects present, it
is a favorable option for those who are looking for alter-
native pain management therapies.
Our results demonstrate that pain administered

without music elicited activity in the same brain areas
shown to be consistently active in healthy participants
in response to acute pain in previous studies.39 Previous
studies have demonstrated that the pain response
dependably activates the following brain regions: insula,
secondary somatosensory area (SII), ACC (BA 24),
and bilateral thalamus. Brain areas that have been iden-
tified in previous imaging studies of pain, but not consis-
tently activated, include the contralateral primary



Table3. Talairach Coordinates and t-Score Values for Activations in the Music Condition Compared
to the Non-music Condition

REGION

LEFT RIGHT

X Y Z T-SCORE X Y Z T-SCORE

Limbic areas

Insula (13) �40 �23 2 4.2

Ventral ACC (24) 18 �1 48 4.6

Dorsal ACC (32) �23 39 6 3.7 19 33 19 3.7

Parahippocampal gyrus (36) 42 �32 �13 7.9

Ventral tegmental area 0 �20 �16 2.0 2.0

Nucleus accumbens 13 2 �7 1.9

Frontal cortex

OFC (11) 37 47 �13 3.1

SMA (6) 22 16 58 5.0

Medial PFC (10) 45 47 �3 4.3

DLPFC (9) �18 36 20 3.6 29 34 23 4.0

Inferior frontal gyrus (47) 31 �43 �11 3.9

Pars opercularis Broca’s area (44) �51 7 10 3.2

Temporal cortex

Superior temporal gyrus (22) �43 �25 �3 3.4

Middle temporal gyrus (21) �59 �7 �7 3.6 46 0 �18 3.2

Fusiform gyrus (20/37) �38 �15 �24 4.6 40 �8 �22 7.1

Primary auditory cortex (41) 51 �21 6 3.4

Other areas

Somatosensory cortex (SI) (3) �18 �27 46 4.6

Hypothalamus 9 �8 �10 3.0

Precuneus (19/7) 33 �78 32 4.2 36 �49 61 3.2

Secondary visual cortex (18) �28 �82 �7 3.2

Pulvinar thalamus �17 �32 3 3.6 19 �30 14 3.5

Ventral posterolateral thalamus �21 �19 �3 3.4

Anterior cerebellum �3 �50 �11 4.4 19 �47 �13 5.9

Posterior cerebellum �17 �44 �32 5.7 32 �58 �32 4.8

NOTE. Coordinates are along left–right (x), anterior–posterior (y), and superior–inferior (z) represented in millimeters. After each brain region, the corresponding Brod-

mann area is shown in parentheses (paired t-test).
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somatosensory cortex (SI), PFC (BA 10), SMA (BA 6),
striatum, and cerebellum.38 Our results support the
observation that when pain is administered alone
(without music), brain areas within the ‘‘pain matrix’’
are consistently activated. However, we also observed ac-
tivity in brain areas that do not correspond with a pain
response.
New studies suggest that the ‘‘pain matrix’’ is not

necessarily specifically related to pain but would be
better described as a ‘‘saliency matrix.’’33 It seems that
different salient stimuli, whether innocuous sensory
stimuli, auditory stimuli, or visual stimuli, can similarly
activate certain brain regions. These regions are
described as multimodal areas, and their degree of acti-
vation is related to the saliency of the stimulus. Such
brain regions include the thalamus, SII, and insula. How-
ever, there are also modality-specific regions, such as SI
for sensory stimuli, the superior temporal gyrus for audi-
tory stimuli, and the striate cortex for visual stimuli, that
are selectively activated based on the stimulus presented
and not determined by saliency alone. As shown in our
results, multimodal regions known to be involved in
the ‘‘saliency matrix’’ were active in both music 1 pain
and pain-only conditions, including the thalamus, SII,
and insula. Conversely, SI was observed to be active
strictly in the pain-only condition, and the superior tem-
poral cortex was only active in the music 1 pain condi-
tion, demonstrating selectivity for modality-specific
regions. Thus, the music1 pain and pain-only conditions
evoked activity indicative of the multimodal ‘‘saliency
matrix,’’ yet selective activation of modality-specific
regions demonstrate that music has a unique response
on the ‘‘saliency matrix.’’
Contrasting the pain responses in the brain in the

music1 pain condition and in the pain-only condition re-
vealed differential activity in the limbic cortex, SI, and
other brain regions involved with processing music and
pain. These regions are consistent with areas of the brain
previously implicated in emotion and reward circuitry
that are associated with pleasurable music listening.
Such areas include the ventral tegmental area, nucleus
accumbens, insula, ACC, right OFC, parahippocampus,
SMA, medial PFC, precuneus, thalamus, hypothalamus,
and cerebellum.4,23,29,32 Therefore, our results show
significant differences between the 2 conditions within
these regions that are prominent during music
listening. We also confirmed that areas known to
participate in auditory processing of music such as the
primary auditory cortex (BA 41), middle and superior
temporal gyrus (BA 21/22), inferior frontal gyrus



Figure 5. Magnitudes of BOLD responses within the rostral medulla, pons, and midbrain (left) and the dorsal horn and left ventral
horn of the C6 segment (right) formusic1 pain and pain-only conditions. Hotter colors represent the greater rostral-caudal degree of
the region of interest in the vicinity of the RVM; dorsolateral pontine tegmentum (DLPT); and PAG. *P < .05.
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(BA 47), and Broca’s area (BA 44) were activated during
music listening.7,23,25,27

Furthermore, therewere significant differential neural
responses between the 2 conditions that correspond to
pain modulation. The spinothalamic tract projects to
gray matter regions that process the location and
perception of pain. The initial region of the spinothala-
mic tract (first-order neuron) is the dorsal horn of the
spinal cord. Further projections via second-order
neurons include the medulla, PAG, and contralateral
ventral posterolateral nucleus of the thalamus, with
third-order neurons projecting to the contralateral
insula and contralateral S1. When the music 1 pain
condition was compared to the pain-only condition,
there were differences in activity in the left insula, left
ventral posterolateral thalamus, and left S1 correspond-
ing to the right hand (BA 3). Bushnell et al8 indicated that
S1 pain-related activity is highly modulated by cognitive
factors such as attention. In addition, our contrast
between the 2 conditions demonstrated activity in
bilateral DLPFC (BA 9), a region not found to
be associated with music listening. Studies have
indicated that both S1 and DLPFC pain-related activity
is modulated by cognitive factors such as attention.13,39

The DLPFC is suggested to play an important role in
pain reduction because of its proposed opioid
sensitivity to influence supraspinal circuits54 or its
capacity to inhibit orbitofrontal activity.26 It has been
shown that repetitive stimulation of the DLPFC
can increase pain tolerance in participants,54 and
postmortem studies have shown a reduction in
DLPFC gray matter density in people with chronic
pain.1 Therefore, pain modulation was demonstrated
in the music 1 pain condition by differences in activity
within the spinothalamic tract as well as bilateral DLPFC
activation, compared to the pain-only condition.
During the music 1 pain condition, the observed spi-

nal cord and brain stem responses to the painful stimuli
are also consistent with descending pain modulation.
The PAG is the site of origin of a descending pain-
control pathway that relays to many sites in the brain
and the brain stem.30 The music 1 pain condition had
a significantly greater increase in activity (during the
noxious stimulus compared to the baseline tempera-
ture) in the PAG area compared to the pain-only condi-
tion. Consistent with Tracey et al,55 increased BOLD
responses in the region of the PAG were observed to
correspond with decreased pain intensity ratings. The
RVM directly inhibits neurons in the spinal cord dorsal
horn via the dorsolateral funiculus.2 Our results show
activity in the RVM region corresponding with suppres-
sion in the dorsal horn region of the sixth cervical
segment (C6) to varying extents for both conditions. A
number of studies have demonstrated significant reduc-
tion of spinal cord dorsal horn responses to noxious
stimuli when activating the descending pain analgesia
system.16,31,44 In accordance with Eippert et al,14 a
reduction in pain ratings was accompanied by a
suppression in the BOLD response within the ipsilateral
dorsal horn. Suppression of dorsal horn neurons can
also be produced by stimulation of the PAG.37 Accord-
ing to our results, the music 1 pain condition demon-
strated activity consistent with the descending
analgesia system, as shown by the significantly greater
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activity of the PAG area coupled with the larger
suppression in the dorsal horn region.

Conclusions
This study is the first of its kind to provide evidence of

the neural structures involved in music-induced
analgesia. When pain was administered, perceived pain
ratings were significantly reduced if music was also pre-
sented, with corresponding changes in activity in brain
regions that process music and pain modulation. Brain
stem and spinal cord structures showed similar activity
changes concurrent with descending modulation,
demonstrating activation of the PAG region with corre-
sponding suppression within the dorsal horn region.
Listening to pleasurable music induces dopamine release
in the mesolimbic system43 while evoking opioid
signaling in the brain.19 Subsequently, endogenous
opioids may exert widespread analgesic effects by
influencing several brain and brain stem regions within
the descending analgesia pathway. Results of this study
are consistent with the hypothesis that pleasurable
music evokes opioid release that may act on the limbic
system, DLPFC, and PAG to activate the descending
analgesia pathway. Subsequently, music produced a
lower response magnitude in the dorsal horn of the
spinal cord, which may have contributed to reduced
pain perception. However, future studies are needed to
specifically probe whether music reduces pain by
attention or emotion, or by another mechanism entirely.
This study was limited to healthy women, but future
studies may also include investigating music-induced
analgesia in different populations such as men and
people suffering with chronic pain in order to provide
further insight into the neural underpinnings of
music-induced analgesia.
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