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Abstract

Objective. Music has been shown to modulate pain, although the impact of music on specific aspects of nociceptive
processing is less well understood. Using quantitative sensory testing (QST), we assessed the impact of a novel mu-
sic app on specific aspects of nociceptive processing. Design. Within-subjects paired comparison of pain processing
in control vs music condition. Setting. Human psychophysical laboratory. Subjects. Sixty healthy adult volunteers.
Methods. Subjects were assessed for baseline anxiety, depression, and catastrophizing using validated question-
naires. QSTs measured included 1) pain threshold and tolerance to deep muscle pressure, 2) pain with mechanical
pinprick, 3) temporal summation of pain (TSP) with a repeated pain stimulus, and 4) conditioned pain modulation
(CPM) with a second painful stimulus. QSTs were performed in the absence and presence of music delivered
through a music app. Results. We found an increase in pressure pain thresholds in both the forearm (P=0.007) and
trapezius (P=0.002) with music, as well as a decrease in the amount of pinprick pain (P<0.001) and TSP (P=0.01)
with music. Interestingly, CPM was also significantly diminished (P< 0.001) in the music condition. No significant
difference in cold pain, anxiety, or situational catastrophizing was observed with music. Higher baseline pain cata-
strophizing scores were associated with less music-induced pressure pain reduction. Conclusions. Several meas-
ures of mechanical pain sensitivity were reduced with music. TSP, a measure of central sensitization, also decreased
with music, but CPM, a measure of descending modulation of pain, was not further augmented by music.
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Introduction modulate pain. The treatment of pain, therefore, is com-
plex and challenging. Although pharmacologic therapies
aim to blunt the experience of pain through agonism at
the mu opioid receptor (opioids), alteration of the inflam-
matory cascade (NSAIDs), or modulation of spinal neu-
rotransmission (ketamine), behavioral therapies aim to
influence the psychosocial modulation of pain, poten-
tially altering individual thoughts about pain (cognitive
behavioral therapy) or imparting skills to reframe pain in
the moment (mindfulness) [9,10].

One potential intervention that may affect multiple
components of pain processing is music. Previous

Pain is a common sensation experienced by 20% of the
US population on a daily basis [1]. Persistent pain or epi-
sodes of acute pain may be devastating to individuals and
society [2] and are associated with poorer health out-
comes, increased health care utilization, and higher rates
of disability [3-5]. The experience of both acute and
chronic pain is multifaceted, arising biologically from pe-
ripheral nociceptor activation after injury, inflammation
of tissues, and further modulated by peripheral, spinal,
and supraspinal input. Psychosocial factors [6,7], includ-
ing anxiety, depression, and catastrophizing [8], also
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investigations have described the phenomenon of music-
induced analgesia (MIA), a subjective reduction of pain
perception after listening to music [11]. Music may be
administered in a clinical context both as simple music
listening, facilitated by health care professionals using a
music app (e.g., playing recorded music, using streaming
service), and as more formal structured music therapy de-
livered by board-certified music therapists, where
patients may also themselves participate in production of
music [12,13]. Although certified music therapists are
available only in limited care settings, simple music lis-
tening is potentially quite widely available. Listening to
music has been demonstrated to confer MIA in acute ex-
perimental [14,15] and clinical [12,16-18] settings. A
neurochemical basis for MIA has also been suggested
from functional magnetic resonance imaging (fMRI)
studies that show that MIA is associated with changes in
brain activation [19]. Listening to pleasurable music also
upregulates the dopaminergic and serotonergic pathways
involved with reward in the nucleus accumbens [20-22]
and is associated with “thrills” experienced while listen-
ing to music [23,24], perhaps indirectly modulating pain.
Quantitative sensory testing (QST) systematically
characterizes psychophysical responses [25], and en-
hanced sensitivity on QST may be used to predict greater
pain responses [26]. The extent to which music alters var-
ious aspects of pain perception and processing is not well
characterized. In this investigation, we assessed the im-
pact of music on the nociceptive processing of pain, as
measured through a basic set of QST, while concurrently
measuring its impact on anxiety and situational cata-
strophizing. We hypothesized that music would alter no-
ciceptive processing and decrease ratings of anxiety and
catastrophizing and that these effects would be related.

Methods

This observational study was approved by the Brigham
and Women’s Hospital Institutional Review Board (IRB)
and registered as NCT03692247. Volunteers over the
age of 18, without a self-reported history of chronic opi-
oid use or neuropathy, were recruited through social me-
dia. Participants meeting enrollment criteria attended a
single study visit. Participants were instructed not to in-
gest nonsteroidal  anti-inflammatory  medications
(NSAIDs) or acetaminophen 48 hours before their sched-
uled study day.

Participants were familiarized with the quantitative
sensory testing equipment (through demonstration by the
investigator on him/herself), after which they completed
several questionnaires to assess psychosocial phenotype
and any baseline pain, including the Brief Pain Inventory
[27], Pain Catastrophizing Scale [28], and Patient-
Reported Outcomes Measurement Information System
(PROMIS) short forms for anxiety (seven items), depres-
sion (eight items), and sleep disturbance (eight items)
[29]. This was followed by a 10-minute baseline QST

Figure 1. Study schema.

session. They were then instructed in the use of a music
app on a study iPhone and selected a preferred generative
music theme, which was played throughout a second
QST session that was identical to the baseline session.
Each set of QSTs was immediately followed by a brief
questionnaire assessing the extent of catastrophizing dur-
ing the QST session (Situational Pain Catastrophizing
Scale [SPCS]) (Figure 1). All QST sessions were per-
formed by a single member of the study staff. Study data
were collected and managed using REDCap, a secure
web-based application to support data recording for re-
search [30].

Quantitative Sensory Testing

Pain Sensitivity Testing: Pressure Pain Threshold and
Tolerance

Pressure pain threshold and tolerance were assessed in a
similar manner to our previous studies [31], using a digi-
tal pressure algometer (Wagner FDX, Greenwich, CT,
USA) with a flat round transducer, probe area 0.785
cm?. Testing sites were bilateral on the dorsal aspect of
the proximal forearm ~3-4 cm distal to the elbow crease
(extremity site) and over the trapezius muscle at the up-
per back ~2-3 cm above the scapular spine, midway be-
tween the C7 prominence and humeral head (truncal
site). For pressure pain, pressure was increased at a
steady rate of ~1 Ib/sec (0.45 kg/sec), and the subject was
asked to indicate when this pressure first became painful
(threshold). The pressure was further increased, and the
subject was asked to indicate when the pain from the
stimulus was no longer tolerable (tolerance). Two trials
were performed at each site, alternating from side to side
and between extremity and truncal sites.
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Pain Sensitivity Testing: Mechanical Pinprick Pain
Mechanical pinprick pain was assessed as in our previous
studies [31,32], using standardized weighted pinprick
applicators similar to those described by Rolke et al.
[25]. A single stimulation of the lowest-force (128 mN)
pinprick was applied to the dorsal aspect of the index fin-
ger between the first and second interphalangeal joints of
the left hand while resting the palm facing downward on
a flat surface. The subject then rated the pain intensity
from the mechanical stimulus on a scale of 0-10. If this
was rated as 01, the next highest-force probe was tested
as a single application.

Temporal Summation of Pain and Painful
Aftersensations

Calibrated force mechanical pinprick probes (128, 256,
and 512 mN) were applied in increasing order to the dor-
sum of the left index finger, and the lowest-force probe
was found to result in a mildly painful sensation with a
single application selected [1-3]. After a break of at least
10 seconds after the single-stimulus testing, a train of 10
stimuli was applied at the same location, at a rate of one
stimulation per second. The subject rated pain on a scale
of 0-10 after the first, fifth, and 10th stimuli. After this
train of stimuli, patients were asked to rate any pain
remaining 15 seconds after cessation of the last stimulus
(PAS) on a scale of 0-10. The same procedure was re-
peated on the right index finger and the middle finger of
each hand, alternating sides of testing. Temporal summa-
tion of pain was calculated as the pain rating in response
to the 10th stimulation minus the pain rating in response
to the first stimulation. This was calculated for each of
the four finger sites and averaged.

Conditioned Pain Modulation

Conditioned pain modulation (CPM) was measured us-
ing testing procedures as in previous studies [33].
Pressure pain threshold and tolerance were measured us-
ing an algometer over the nondominant trapezius muscle,
as described above. Participants were then asked to sub-
merge their dominant hand (up to the wrist) into an ice
water bath, but they could remove it whenever it became
intolerable. Ten seconds after hand submersion, pressure
pain threshold and tolerance were again measured over
the nondominant trapezius. CPM,reshold Was calculated
as the change in pressure pain threshold in the absence
and presence of cold pain: (threshold g — thresholdy,..
line/thresholdpseline) *100. CPMglerance Was calculated as
the change in pressure pain threshold in the absence and
presence of cold pain: (tolerance g — tolerancepgseiine/
tolerancep,geline) *100.

Music Intervention

We used a novel music web app, Unwind (Bose
Corporation, Boston, MA, USA), which was designed to
address pain and anxiety. The Unwind project sought to

develop optimally relaxing tracks based on pleasurable
musical genes (e.g., features of intonation and rhythm
that are pleasurable) extracted using machine learning
techniques. Unwind commissioned five instrumental
tracks using these pleasurable music genes as a template.
We have previously described preliminary acceptance of
users to operate the Unwind app and whether they found
it feasible to address anxiety and pain in the emergency
department [34]. We chose to utilize Unwind in this in-
vestigation because we were interested in the potential
for this machine-generated remix of human-composed
music tracks to modulate nociceptive processing. Users
were presented with a preview screen that allowed them
to sample five different tracks and select their favorite
among them. Each music listening session was standard-
ized to 10 minutes.

Statistical Analysis

Subject characteristics were summarized using frequen-
cies and percentages for categorical variables, and mean
or median values with standard deviation or interquartile
ranges (Q1-Q3) for continuous variables, according to
normality of distribution. Comparison of QST parame-
ters between baseline and with music was accomplished
using a nonparametric paired test (related-samples
Wilcoxon signed rank test). All statistical tests were two-
tailed, and the level of significance was set at a=0.05.
All analyses were performed using SPSS 25.

Power Analysis

Sample size calculation was based on previous data esti-
mating the effect of distraction on laboratory pain scores
(pinprick pain) [35], in which temporal summation of
pain scores (0-100 scale) was reduced by a mean of 15.2
with an SD of 21.8 (paired comparison). Setting the
power to 0.9 and o to 0.05 and adjusting for the clusters
in this previous sample, we calculated that a sample of
~60 subjects would be required to allow observance of a
similar reduction, and we planned to screen an additional
10-20% to account for ineligibility and dropout.

Results

Sample Characteristics

During the study period, 78 individuals were screened,
with 77 qualifying after phone screening and 60 enrolling
in the study, with the reason for nonparticipation being
lack of schedule availability (normal business hours). The
mean age of participants (range) was 26 + 8.5 (20-73)
years (Table 1). More women (N =38, 63%) than men
(N=22, 37%) participated in the study. Participants
reported minimal pain on the Brief Pain Inventory (BPI;
0.7 = 0.7). Similarly, T scores for anxiety and depression
(PROMIS Short Form) were near 50, suggesting scores
comparable to population averages (Table 1). Pain
Catastrophizing Scale and SPCS scores (measured after
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each QST session) were variable but were well below the
scores typically reported by chronic pain patients.
Although a decrease in situational catastrophizing was
observed after the music session, this did not reach statis-
tical significance.

Effect of Music on Pressure Pain

Pressure pain threshold and tolerance were variable be-
tween individuals (Figure 2A) but highly correlated
subject conditions
(Spearman’s rho = 0.7-0.9). Participants reported a sig-
nificant increase in pressure pain thresholds in both the
forearm and trapezius, as well as an increase in trapezius

within each across sites and

pressure pain tolerance, during the music condition com-
pared with baseline (Figure 2B). No significant change
was seen in FA pressure pain tolerance with music
(Figure 2B). Interestingly, the degree of reduction in pres-
sure pain tolerance with music was negatively correlated
to pain catastrophizing (Spearman’s rho = -0.273,
P =0.035), such that those reporting higher baseline cat-
astrophizing showed less increased (and in some cases de-
creased) pain threshold with music (Figure 2C).

Table 1. Study subject characteristics

Modulation of Pressure Pain with Music

Effect of Music on Temporal Summation of
Pinprick Pain and Painful Aftersensations

Subjects were tested with weighted pinprick probes on
the dorsum of the index and middle fingers, rating pain
at the beginning (PP1), during (PP5), and end (PP10) of a
10-stimulus, 1-Hz frequency train, both in the absence
and presence of music. Paired comparisons show reduced
pinprick pain ratings on the first, fifth, and 10th stimuli
with music (Figure 3). Temporal summation of pain
(TSP), which is the tendency for a stimulus to become
more painful with repeated applications, was defined as
the increase in pain score between the first and 10th
applications of the stimulus train (PP10-PP1). In the ab-
sence of music, participants showed varying degrees of
TSP, with most reporting an increase in pain score over
the course of the 10-stimulus train. However, lower TSP
was observed in the music condition compared with
baseline (P=0.006, related-samples Wilcoxon signed
rank). Additionally, 15 seconds after the 10-stimulus
train, subjects were asked to rate any lingering pain in
the area of stimulation (painful aftersensations [PAS]).
PAS were also reduced in the music condition
(P <0.001).

Effect of Music on Conditioned Pain Modulation
To investigate conditioned pain modulation, we used a
second potent conditioning painful stimulus (5°C water
bath) to modulate the response to a first pain stimulus
(pressure pain threshold or tolerance at trapezius). Most
subjects exhibited CPM, represented as an increase in
pressure pain threshold and tolerance pain (reduced sen-
sitivity) during the contralateral cold stimulus in the ab-
sence of music (Figure 4). We were interested in whether
the presence of music impacted this process, potentially
serving as a further modulator of pain. Interestingly, we
in fact observed a significant decrease in CPM, whether
measured as a pain threshold or pain tolerance in the mu-
sic condition (P < 0.001) (Figure 4).

Correlation of Music Modulation of Pain
Tolerance with Catastrophizing
25

- 20

Category Mean =+ SD or No. (%)
Age (20-73),y 26.3 £ 8.5
Males 22 (37)
Females 38 (63)
Brief Pain Inventory 0.7 0.7
Pain Catastrophizing Scale 6.4*6.8
PROMIS Anxiety ¢ score 503 7.7
PROMIS Depression ¢ score 46.0 = 7.4
Situational Pain Catastrophizing Scale-Baseline 1.90 £ 2.5
Situational Pain Catastrophizing Scale-Music 1.45+1.9
PROMIS = Patient-Reported Outcomes Measurement Information
System.
Variation in Baseline Pressure Pain
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Figure 2. The effect of music on pressure pain threshold and tolerance.
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Figure 3. Modulation of temporal summation of pain and pain-
ful after-sensations before and after music.
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Figure 4. The effect of music on conditioned pain modulation.

Discussion

This study demonstrated a modest but significant modu-
lation of pain processing while listening to music gener-
ated through an interactive app. Specifically, pressure
pain threshold and tolerance at truncal and extremity
sites increased, while reported pain with weighted me-
chanical pinprick probes decreased. Additionally, tempo-
ral summation of pain and painful aftersensations with a
repeated stimulus decreased in response to music.
Modulation of pain by a second painful stimulus (condi-
tioned pain modulation), however, was not further aug-
mented by music, but rather decreased by it. Taken

together, these findings indicate that music may diminish
pain sensitivity and dampen central facilitation of pain
but cannot further enhance the descending inhibition in-
duced by a second conditioning pain stimulus. These
data from healthy volunteers provide insights into the
mechanistic basis of modulation of normal nociception
by music and lay the groundwork to understand how
music interventions may benefit individuals living with
chronic pain.

Temporal summation of pain (a measure of facilita-
tion of pain) and CPM (a measure of endogenous inhibi-
tion of pain) are used to characterize the psychophysical
profile of patients with chronic pain; TSP is frequently
higher and CPM lower among chronic pain patients com-
pared with pain-free controls [36-38]. Additionally,
these tests predict the degree of postsurgical pain
[31,33,39-49]. In particular, greater temporal summa-
tion of pain at several body sites has been associated with
greater postsurgical pain [32,50-54] and opioid utiliza-
tion [41]. Music did decrease TSP in this study, suggest-
ing that it may be useful in dampening pain facilitation.
On the other hand, music did not improve the ability to
endogenously inhibit pain, measured by CPM. In fact,
the calculated CPM was reduced in the music condition,
whether measured as pain threshold or tolerance. This
finding suggests that music cannot produce an additional
effect in the presence of a second conditioning pain stim-
ulus. It is possible that music may inhibit the perceived
intensity or salience of the conditioning cold pain stimu-
lus, thus interfering with its modulating effect [55].

Prior investigations have demonstrated a reduction of
clinical pain and opioid use with the addition of music
[56=59]. Our results support the use of music as an addi-
tive therapy that may blunt the sensation of pain and in-
crease tolerance to pain. Music, in combination with
pharmacotherapy, might be effective in managing acute
episodes of pain where there is partial relief from a non-
opioid analgesic. Instead of using opioid analgesics for
unrelieved pain, clinicians could rely on music’s ability to
increase an individual’s pain threshold and tolerance, ob-
viating the need for additional opioids and thereby avoid-
ing the risks of opioid exposure. Additionally, in
individuals already on opioid therapy, music may prevent
the need for increased opioid dosage in response to
acutely worsening pain. The preliminary results from our
group suggest that this music app is acceptable to
patients in the emergency department who are experienc-
ing pain [34].

Psychosocial variables such as negative affect and cat-
astrophizing augment pain processing, both among
healthy individuals and chronic pain patients, including
fibromyalgia (FM) [53] and HIV-associated pain [60].
We did not observe a significant decrease in situational
pain catastrophizing in the music condition among these
healthy volunteers. This may arise from low baseline cat-
astrophizing measures among this group of subjects. We
did, however, observe a significant negative correlation
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between catastrophizing and music-induced analgesia in
this group. This result is somewhat at odds with our pre-
vious findings that distraction produced more analgesia
in high catastrophizers [35]. Although the precise cause
of this discrepancy in findings is unclear, the latter studies
included individuals who experienced chronic pain with
an elevated degree of catastrophizing. Affect augments
pain processing, particularly in individuals with chronic
pain [5]. Further study is needed to understand whether
the relationship between psychosocial variables and MIA
differs between individuals with and without chronic
pain. Additionally, music as an adjunct to pain manage-
ment may need to be paired with interventions that ad-
dress these psychosocial influences among individuals
with greater catastrophizing. Interestingly, decreases in
catastrophizing due to participation in a meditation/yoga
intervention including self-guided visualization to dis-
tract from pain were associated with decreased pain
among FM patients [61].

Although our study demonstrated a significant analge-
sic effect of music on threshold, tolerance, and facilita-
tion of pain, we studied healthy volunteers who likely
experience pain differently than many individuals with
acute or chronic pain. We nonetheless believe these find-
ings represent a first step toward understanding which
aspects of nociception may be modulated by music, sug-
gesting that healthy individuals with minimal psychoso-
cial influencers may experience analgesic benefit from
listening to music and indicating potential to serve in
combination with other modalities to decrease pain in
healthy individuals who experience acute pain or injury.
Of note, we studied the nociceptive effects of listening to
music. Individuals may also engage with music through
various other modalities as well, including music-guided
meditation and breathing exercises, generation of music
by playing instruments, or participation in a structured
music therapy session with a board-certified music thera-
pist [62]. Further investigation will determine the manner
in which music interventions should be integrated into
real-world pain management regimens. In addition, fu-
ture investigations can determine whether changing the
threshold of pain actually leads to a decrease in clinical
pain and need for opioid analgesics, either in the setting
of a new injury/acute exacerbation of pain or in the man-
agement of chronic pain. Future study is also needed to
determine whether these findings extend to individuals
who experience chronic pain and likely have greater psy-
chosocial modulation of pain.

Behavioral interventions often require substantial ef-
fort and are therefore expensive to sustain. For many
clinicians, a faster, less costly solution to pain manage-
ment is opioid-based therapy. Although opioids may be
effective for acute and even chronic pain, their use is as-
sociated with considerable risk. Additionally, persistent
opioid use can in some cases lead to nonmedical opioid
use, including the transition from oral opioids to injec-
tion drug use and its associated comorbidities [63]. Even

though pain is increasingly recognized as a complex,
biopsychosocial process for which pharmacological treat-
ment alone may be insufficient, pharmacological treat-
ment of chronic pain is often chosen over behavioral
interventions, many of which are time-consuming, labor-
intensive, and difficult to scale. Listening to music is an
appealing adjunctive therapy for pain because it is uni-
versally accessible. Unlike pharmacotherapy or complex
behavioral therapies that require careful monitoring of
medication use or access to experienced therapists, music
listening is nonstigmatizing and can be accessed at home,
used on demand, and highly personalized. This investiga-
tion describes a potential mechanistic effect of music on
pain processing. Future studies should assess the feasibil-
ity of deploying music in populations that experience
pain in order to understand the contextual basis in which
music might be used, as well as the operational aspects of
integrating a music intervention into existing pain man-
agement regimens.

This study has some limitations. First, the order of
music vs baseline QST was not randomized, creating the
possibility that participants were more comfortable with
the QST sessions in the music condition. In future stud-
ies, randomizing the order of the music and nonmusic
QST conditions would further separate out the differen-
ces between the two sessions. Second, participants were
not blinded to experimental conditions. Third, partici-
pants, being young and healthy, may not reflect the dem-
ographics or psychosocial phenotypes of individuals with
acute or chronic pain. Last, this study only used a single
type of music delivered through an app; to what extent
these findings generalize to other types of music is
unclear. Having participants self-select personalized mu-
sic from a wider range of genres may be more effective
than preselected music choices in  modulating
nociception.

Conclusions

Music delivered through an app positively improves cer-
tain aspects of nociceptive processing, including pain
threshold tolerance and temporal summation of pain.
Music may partially interfere with other aspects of pain
processing, including conditioned pain modulation in
healthy volunteers. Further studies are needed to under-
stand whether these findings extend to clinical settings,
chronic pain patients, and other types of music.
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