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Music frequently elicits intense emotional responses, a phenomenon that has been scrutinized from multiple dis-
ciplines that span the sciences and arts. While most people enjoy music and find it rewarding, there is substantial
individual variability in the experience and degree of music-induced reward. Here, we review current work on the
neural substrates of hedonic responses tomusic. In particular, we focus the present review on specificmusical anhe-
donia, a selective lack of pleasure frommusic. Based on evidence from neuroimaging, neuropsychology, and brain
stimulation studies, we derive a neuroanatomical model of the experience of pleasure during music listening. Our
model posits that hedonic responses to music are the result of connectivity between structures involved in auditory
perception as a predictive process, and those involved in the brain’s dopaminergic reward system.We conclude with
open questions and implications of this model for future research on why humans appreciate music.
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Introduction

The capacity to perceive, produce, and appreci-
ate music, together termed musicality,1 has been a
growing topic of interest in the past 20 years of cog-
nitive neuroscience. While most cognitive neuro-
science studies on musicality focus on music per-
ception and production skills, there has been a
recent explosion of interest in the appreciation of
music.2,3 Multiple research programs in the cogni-
tive neuroscience of music have involved compar-
ing participants with different types and levels of
musical training.4–7 However, to cognitive neuro-
scientists who are not particularly concerned with
music, these studies may appear to be highly spe-
cialized and of limited interest as they seem to focus
on a special population—highly trained musicians.
In contrast, studies on the appreciation ofmusic can
be thought of asmore general and inclusive, encom-
passing the vast majority of humans regardless of
formal musical training.

Humans show knowledge of fundamental musi-
cal building blocks, such as rhythm and beat, from
as early as 1 day old,8 and as shown from the
success of the multibillion-dollar music industry,
humans around the world enjoy music. One of the
most frequently reported reasons for listening to
music is the overwhelming influence it has on feel-
ings and emotions.9 Music has been deemed an
ultimate group bonding activity;10,11 this is sup-
ported by structural features of melody, harmony,
and scales that are observed across many cultures,12
as well as the ubiquity of songs that serve social
functions, such as lullabies, dance songs, healing
songs, and love songs, across cultures.13 Singing
and making music together enhance social inter-
actions and group bonding14,15 and elicit physio-
logical effects that are observable from infancy.16
Even in the few cultures where music is not pro-
duced in groups, members of these cultures nev-
ertheless enjoy singing for each other,17 suggesting
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that the capacity for music enjoyment, that is, the
rewarding aspects of music, may be intrinsic to
humans as a social species. Together, these lines of
research suggest that understanding why humans
love music may offer a window into how humans
interact in a social environment.
The rapid growth of research on musical enjoy-

ment, specifically in cognitive neuroscience, may
also be facilitated in part by recent findings on
the role of dopamine in coding for prediction
and reward. Since the classic observations that
stimulating dopaminergic neurons elicits motivated
behavior,18 and that dopaminergic neurons signal
changes in the predictability of rewards,19 thou-
sands of studies have identified a set of regions
within the human brain that are especially sensi-
tive to reward. These regions center around the
midbrain (the ventral tegmental area and substan-
tia nigra (SN)), the dorsal and ventral striatum
(VS) (the caudate, putamen, nucleus accumbens
(NAcc), and globus pallidus), and the medial pre-
frontal cortex (mPFC).20 These areas, which we
refer to throughout this article as the reward sys-
tem, are reliably activated during the experience
of unconditionally rewarding, evolutionarily salient
stimuli, such as food and sex, as well as stimuli that
are strongly associated with such rewards, such as
money. Findings from themonetary incentive delay
task show that cues that predict monetary rewards
reliably activate the striatum and mPFC,21 core
areas of the reward network. Interestingly, activity
in the striatum is also observed when social stim-
uli (faces) are substituted for monetary rewards,22,23
suggesting that social and monetary cues tap into
“common neural currency” of the reward system.22
The findings that food and sex activate the same

reward system can be readily explained as being
evolutionarily adaptive: being motivated to seek
out these stimuli improves our chances of sur-
vival. In contrast, the adaptive value of music—
and aesthetic stimuli more generally—is less obvi-
ous. Nevertheless, much recent work has shown
that music engages the reward system (as reviewed
below; see also Ref. 24). While music ranks highly
among the pleasures in life,25,26 recent work has
identified a unique condition of people with spe-
cific musical anhedonia:27,28 people who are insen-
sitive to the rewarding aspects of music despite
normal hedonic responses to other sensory and
aesthetic stimuli, and normal auditory perceptual

abilities.29 The existence of this unique population
raises many important questions. Some of these
questions include:

1. The nature versus nurture of musical reward
sensitivity: Does musical anhedonia run in
families?When and how did it develop?What,
if any, genetic underpinnings might predis-
pose an individual toward musical anhedonia?
What is its developmental trajectory?

2. Domain-specificity versus domain-generality
of reward sensitivity: Are there specific neural
pathways for music reward that are separate
from general reward? What are the neural
pathways through which specific stimuli (such
as music) come to have privileged access to
the reward system? What endows a certain
stimulus with privileged access to the reward
system?

3. Psychological associations and clinical comor-
bidity: What are the associations between
musical anhedonia and psychological traits,
both in the normal range (e.g., big five per-
sonality traits) and clinical populations? What
is the comorbidity between musical anhedo-
nia and personality, mood, and communica-
tion disorders?

4. The evolution of music: To what extent do
nonhuman animals also show reward sensi-
tivity to music? Have there been people with
musical anhedonia for as long as there has been
music? By extension, if people with musical
anhedonia have survived for generations with
no apparent disadvantage alongside the rest of
the population who have normal reward sensi-
tivity tomusic, then the lack of reward sensitiv-
ity to music seems not to affect their survival.
If this is the case, then why do we seek out
music?

Here, we review the recent cognitive neuro-
science evidence for musical engagement of the
reward system, aswell as an extreme end of the spec-
trumof individual differences in sensitivity tomusic
reward in specific musical anhedonia. Based on our
review of the literature, we propose a model that
accounts for the nature of the auditory access to the
human reward system, and its disruption inmusical
anhedonia.
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Roles of the auditory and reward systems
in musical pleasure

Involvement of the reward system
Some of the earliest works investigating the neural
substrates of music listening focused on neu-
ral responses to highly pleasurable music. This
work revealed that highly pleasurable subjective
responses to music were correlated with activity in
emotion- and reward-related brain regions, such
as the amygdala and VS.30–32 For example, one of
the seminal functional neuroimaging studies of
music listening focused on the neural correlates
of musical chills, which are highly pleasurable
responses to music.31 In this study, the authors used
positron emission tomography (PET) imaging to
identify brain regions associated with musical chills
evoked by highly pleasing, self-selectedmusic. They
found that activity in the VS, amygdala, and mPFC
was correlated with participant ratings of chill
intensity—stronger musical chills were associated
with greater activity in these regions. This work laid
the foundation for much of the subsequent music-
and emotion-related research.
Later work sought to characterize more precisely

the timing of activity in reward-related regions
during the anticipation and experience of musi-
cal chills. Salimpoor and colleagues identified that
activity in the NAcc increased during the peak
emotional response to music (i.e., musical chills),
while activity in the caudate was greatest during
the anticipation of musical chills.33 To comple-
ment these functional magnetic resonance imaging
(fMRI) results, the authors used PET imaging to
directly examine the role of dopamine in response
to musical chills. Increased dopamine transmission
was observed in both the dorsal and ventral striatum
during the most pleasurable aspects of music, that
is, those musical moments that evoked chills. The
regionswith the greatest changes in dopamine bind-
ing were the right-hemisphere caudate and NAcc.
This study directly implicates dopamine release
during musical pleasure, indicating that reward-
ing music has similar properties to other rewarding
experiences, such as monetary gain and social stim-
ulation.
While this work indicates that pleasurable music

engages similar brain structures to other rewarding
experiences, more recent work has investigated the
idea that music itself can serve as a reward. One

recent fMRI study investigated the neural responses
to music in a reward-learning context.34 Taking an
established reward prediction error task and substi-
tuting music (where consonant music is assumed
as a reward, and dissonant music is punishment),
the authors identified that the NAcc responded to
reward prediction errors in music. Interestingly,
this suggests that the NAcc responds similarly to
musical reward as to other pleasurable experi-
ences, such as a monetary reward. One important
caveat to mention here is that consonance is not
always naturally rewarding, nor dissonance natu-
rally displeasing.17,35,36 As such, using consonant
music as a reward is a somewhat artificial paradigm
that may not translate into listening to music in a
more naturalistic context. Still, the results of this
study indicate thatmusic itself can serve as a reward,
and engages the same brain regions as other reward-
ing stimuli.
In addition to neuroimaging results, deep brain

stimulation (DBS) has also pointed to the role of
the NAcc in musical pleasure.37 In one case study, a
patient undergoing DBS to the NAcc for obsessive-
compulsive disorder was found to show substantial
changes inmusical reward. Specifically, duringDBS,
the patient felt an intense pleasure while listening to
the music of Johnny Cash, at the exclusion of any
other musical artists or genres. That is, NAcc stim-
ulation led to intense musical pleasure, although
only for a single musical artist. While it is unclear
why stimulation of the NAcc may modulate musi-
cal preferences so drastically, this provides converg-
ing evidence that the NAcc is involved in musical
reward.

Interactions between the auditory and reward
systems
While it seems clear that the reward system, and
more specifically, the NAcc plays an important role
in musical reward, further work has pointed to the
role of the NAcc in a broader network, includ-
ing interactions with the auditory system and other
structures within the reward system.
While not specifically investigating musical

reward or pleasure, prior work has identified
the functional network underlying music-evoked
“joy.”38 This work first identified increased overall
activity in the auditory cortex (AC) for joyful (as
comparedwith fearful)music. This suggests that the
AC plays a role in musical emotions beyond simply
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responding to acoustical features of the music. This
finding is paralleled in research on visual aesthet-
ics, showing that visual cortical regions respond
more strongly to aesthetically appealing faces and
artworks.39,40 When investigating interactions
between neural regions using functional connec-
tivity analyses, the authors identified increased
connectivity between the AC and reward-related
regions during joyful music.38 Similarly, and more
specifically focusing on musical reward, one fMRI
study indicated that interactions between the NAcc
and auditory cortices predicted the reward value of
a piece of music.41 In this task, participants listened
to several novel musical excerpts and were asked
to identify how much money they were willing to
spend to purchase the pieces of music. The reward
value (i.e., the amount of money spent) was posi-
tively correlated with activity in the NAcc and con-
nectivity between the NAcc and superior temporal
gyrus (STG). More rewarding pieces of music were
associated with both greater activity and connectiv-
ity of these regions. This work suggests that struc-
tures in the dopamine reward network work in con-
sort with sensory regions critical for auditory per-
ception while listening to highly pleasurable music.
A recent paper sought to test the prediction that a

key aspect of music-evoked pleasure is surprise, and
that surprising moments in music would be asso-
ciated with greater NAcc activity and connectivity
between theNAcc and STG.42 Here, participants lis-
tened to entire musical pieces, which included sev-
eral “surprising” moments (as identified by trained
musical experts). The authors found that increasing
surprise was associated with greater activity in both
STG and VS, but that this was modulated by indi-
vidual differences in musical reward. That is, indi-
viduals who had a higher tendency to experience
music as pleasurable (based on continuous ratings
of pleasantness while listening to music) showed
greater changes inNAcc activity duringmusical sur-
prise, as compared with individuals with less of a
tendency to find music pleasurable. However, this
effect was not seen in the STG activity. The authors
also investigated the connectivity between theNAcc
and STG during surprising moments and found
that individuals with high musical pleasure showed
greater connectivity between these regions during
certain musical pieces. This suggests that not only
musical pleasure during listening, but individual
differences in musical pleasure also influence activ-

ity within and connectivity between reward and
auditory regions.
Structural imaging provides converging support

for the evidence found using functional connec-
tivity methods, suggesting that individual differ-
ences in musical reward are related to connectiv-
ity between auditory and reward-related regions.
In one study, authors investigated individual dif-
ferences in musical reward experience and its rela-
tionship to structural connectivity of the STG.43
Using a seed region in the posterior STG, they iden-
tified that individuals who more frequently expe-
rienced chills during music listening had higher
tract volume (i.e., greater white matter connectiv-
ity) between the pSTG and emotion-related regions,
including the anterior insula (aIns) and mPFC. The
NAcc was not higher in tract volume in the individ-
uals who experienced chills; however, tracts from
the NAcc were a moderator of the relationship
between chills and tract volume in the pSTG to
emotion-related regions. Among participants who
experienced chills, those who showed less volume
in the pSTG−NAcc tract had a larger volume from
pSTG to the anterior insula andmPFC. This inverse
relationship between auditory−NAcc and auditory-
to-emotion-related connectivity patterns was not
observed in participants who did not experience
chills. STG connections to aIns and orbitofrontal
cortex (OFC)may include parts of the arcuate fasci-
culus/superior longitudinal fasciculus, extreme cap-
sule fiber system, uncinate fasciculus, and inferior
frontooccipital fasciculus. In contrast, it is unclear
how the tracts identified between the STGandNAcc
relate to known white matter pathways. Tractog-
raphy studies show that seeding the NAcc shows
mainly projections to the frontal and temporal
cortices;44 while some tracts go toward the tem-
poral lobe, the STG is not a known terminal of
tracts from the NAcc. We, therefore, expect that the
tracts we identify between the STG and NAcc may
belong to multiple white matter pathways, or could
be connected through one or more shared common
regions. While further validation is still necessary,
this intriguingmoderating relationship between the
reward center and auditory pathways to other brain
regions suggests that individual differences in aes-
thetic responses tomusic may differentially regulate
the role of dopaminergic pathways in the interface
between sensory and reward processing. Aswith the
functional connectivity literature, this suggests that
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stronger connections between auditory and reward-
related regions are associated with increased musi-
cal pleasure on an individual-differences level.
Finally, brain stimulation studies also support the

idea that connectivity between auditory and reward
structures is a critical neural substrate of musical
reward.45 Mas-Herrero and colleagues45 used tran-
scranial magnetic stimulation (TMS) to excite or
inhibit frontostriatal pathways during musical lis-
tening. Participants listened to both experimenter-
and self-selected music that was chosen to elicit
highly pleasurable emotional responses. During the
task, participants listened to the musical selections
while continuously rating their felt pleasure. Follow-
ing each musical piece, participants indicated how
muchmoney they were willing to spend to purchase
the experimenter-selected music. During excita-
tion of the frontostriatal pathways via intermit-
tent theta-burst stimulation, participants reported
greater subjective pleasure and were willing to
spend more money to purchase the experimenter-
selected music; the opposite result was found dur-
ing inhibition of the frontostriatal pathway. While
not directly testing the involvement of the AC or
auditory−striatal connectivity, this study provides
evidence that connectivity of reward-related brain
regions is causally involved in musical reward.

Musical anhedonia

Definition, prevalence, and measurement
The term “musical anhedonia” first appeared to
describe an individual reporting a selective loss
in emotional responses to music following brain
damage.46 While this term was first used in 2011,46
case studies of patients exhibiting signs of musical
anhedonia were reported as early as 1993.47 Since
this initial use of the term, “musical anhedonia”
has come to describe more broadly a selective
lack of pleasurable responses to music, even in
individuals without brain damage. We distinguish
between these two types of musical anhedonia:
either present in individuals without any neurologi-
cal damage (which we refer to as musical anhedonia
without brain damage), or acquired musical anhe-
donia following brain damage. This distinction
is similar to the distinction between congenital
and acquired amusia, which are well-characterized
deficits in music perception.48,49 In terms of preva-
lence, work indicates that a small portion (ranging
from 5% to 10%27,28) of the general population

exhibits musical anhedonia without brain damage.
Acquired musical anhedonia is likely even rarer.
Most work on acquired musical anhedonia has
been individual case studies, although one large
group study (approximately 80 patients with focal
brain damage) indicated only one possible case of
acquired musical anhedonia.50

One defining aspect of musical anhedonia is
that an individual classified as musically anhe-
donic must show normal hedonic responses to
other rewarding stimuli. For example, individuals
with musical anhedonia display typical responses
to other rewarding stimuli, including visual art,
emotional (nonmusical) sounds, and monetary
reward.28,29 That is, individuals with musical anhe-
donia report subjective feelings of pleasure and
display physiological responses to these other types
of rewarding stimuli, but not to music. A second
defining characteristic is that the lack of rewarding
responses to music must not be accompanied by
a deficit in musical perception. That is, a lack of
pleasure in response to music, if due to a perceptual
deficit, such as hearing loss or congenital amusia,
would not be considered musical anhedonia. Neu-
ropsychological studies have illustrated a double
dissociation between musical reward and music
perception; for example, case studies have identified
individuals with severe deficits in music perception
who still have rewarding responses to music,51 and
case studies of patients with musical anhedonia
illustrate preserved musical perceptual abilities.46,52
In early cases of acquired musical anhedonia, the

criterion for classification as musically anhedonic
was simply self-report: patients reported a loss of
musical pleasure following brain damage. Formusi-
cal anhedonia without brain damage, the standard
measure is currently the Barcelona Musical Reward
Questionnaire (BMRQ).27 This questionnaire con-
sists of 20 items on which individuals report their
level of agreement (e.g., “I get emotional listen-
ing to certain pieces of music”). These items rep-
resent a range of musical experiences and can be
classified into one of five categories: musical seek-
ing, emotion evocation, mood regulation, sensory-
motor, and social reward. Typically, participants are
classified as musically anhedonic if scoring below
65 on the BMRQ28,53 (see Fig. 1 for a depiction
of the distribution of BMRQ scores). To rule out
general anhedonia, individuals must display nor-
mal scores on a general anhedonia scale, such as the
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Figure 1. Distribution of BMRQ scores from the (A) Spanish and (B) English versions of the scale. The number of participants
is indicated by the height of the bar. Dashed red line indicates the cutoff score for musical anhedonia (65) as used in subsequent
studies. This roughly corresponds to the lowest 10th percentile of scores. Data fromMas-Herrero et al.27

Physical Anhedonia Scale54 or the Snaith–Hamilton
Pleasure Scale.55 To rule out perceptual deficits,
individuals must perform in the normal range on
tests of musical perception, the most commonly
used being the Montreal Battery for the Evaluation
of Amusia.56 In sum, to be characterized as hav-
ing musical anhedonia, an individual must report
a selective lack of musical pleasure without showing
deficits in music perception. While musical anhe-
donia is typically defined by self-report, below we
review experimental findings using psychophysio-
logical, neuroimaging, pharmacological, and neu-
ropsychological methods to identify physiological
andneural correlates ofmusical anhedoniawith and
without brain damage.

Experimental findings

Psychophysiological
Physiologically, individuals with musical anhedo-
nia show limited responses to musical pleasure.28,53
In one of the earliest studies of musical anhedonia,
participants performed a monetary incentive delay
task and a musical listening task while heart rate
(HR) and skin conductance responses (SCRs) were
measured.28 Individuals withmusical anhedonia, as
defined by the BMRQ, showed significantly reduced
SCR and HR during “high pleasure” moments in
the music (particularly the most pleasing musi-
cal moments, those that commonly evoke musical
chills in nonmusically anhedonic individuals), as
compared with individuals with normal and highly
hedonic scores on the BMRQ. Conversely, musi-
cally anhedonic individuals showed nearly identi-
cal physiological responses to monetary rewards as
individuals scoring higher on the BMRQ. This indi-
cates that individuals with musical anhedonia do
not simply have deficits in physiological responsive-

ness to reward in general, but display a selective lack
of physiological responsiveness to highly pleasing
music (Fig. 2).

Pharmacological
As discussed above, neuroimaging work has indi-
cated that subcortical structures in the dopaminer-
gic system, more specifically those in the VS, are
involved in musical reward. While this work indi-
rectly investigates the role of dopamine in musi-
cal pleasure, pharmacological studies have been
used to directly manipulate dopaminergic func-
tion during music listening. Ferreri and colleagues
administered a dopamine precursor (levodopa), a
dopamine antagonist (risperidone), or placebo (lac-
tose) to participants prior to listening to music.57
After receiving the drug or placebo, participants
listened to experimenter- and self-selected music
while continuously rating the pleasure they experi-
enced. Additionally, participants completed an auc-
tion task, where they indicated whether or not they
would purchase the music with their own money.
Participants were more likely to report high plea-
sure, show increased skin conductance, and spend
more money to purchase the music after receiving
levodopa than risperidone. Taken together, these
results suggest that increases in dopamine are asso-
ciated with increased musical pleasure, from a sub-
jective, physiological, and motivational perspective,
and that the converse is associated with decreases in
dopamine. This work also suggests a causal role of
dopamine in musical pleasure, such that increasing
dopamine leads to increased musical pleasure, and
decreasing dopamine leads to musical anhedonia.
In a similar vein, Mallik and colleagues adminis-

tered a µ-opioid antagonist naltrexone (NTX)
to individuals while listening to music and
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Figure 2. (A) Skin conductance responses to musical chills, high pleasure, low pleasure, and neutral moments during music
listening. Musically anhedonic individuals (ANH) show decreased SCR compared with hedonic (HDN) and highly hedonic (H-
HDN) individuals. (B) Skin conductance responses to a delayed monetary incentive task. There were no statistically significant
differences between groups for this task. FromMas-Herrero et al.28 Reproduced with permission from the publisher.

undergoing physiological recordings.58 While
not directly modulating dopamine, NTX blocks
µ-opioid receptors and has been shown to induce
general anhedonia. After receiving NTX, partic-
ipants reported significantly less pleasure while
listening to pleasurable music (music that was
self-selected by the participants to be highly plea-
surable). NTX had no effect on subjective pleasure
during listening to “neutral” music (experimenter-
selected music that had been previously rated as
neutral by participants). Similarly, NTX adminis-
tration was associated with reduced zygomatic and
corrugator muscle activity while listening to both
pleasurable and neutral music. The authors suggest
that this indicates reduced emotional responsive-
ness to music, as well as a subjective reduction
in musical pleasure. Overall, these results suggest
a possible role for opioid receptors in musical
anhedonia and musical reward more broadly.

Neuroimaging
As with peripheral physiological responsiveness,
individuals with musical anhedonia also show
reduced neural activity in response to musical,
but not monetary, reward. Martínez-Molina and
colleagues compared musically anhedonic partici-

pants to participants with typical hedonic responses
to music (hedonic) and participants with high
sensitivity to musical reward (hyperhedonic).53
Participants completed both music listening and
monetary reward tasks while undergoing fMRI
and physiological recordings. Replicating their
prior work,28 musically anhedonic individuals
showed reduced SCR to musical, but not monetary,
reward. Additionally, participants with normal and
high musical reward showed increased activity
in the NAcc (bilateral) during both musical and
monetary rewards. However, the individuals with
musical anhedonia only showed increased NAcc
activity during monetary, but not musical reward
(Fig. 2A). This indicates that musical anhedonia is
correlated with a lack of responsiveness to music in
reward-related brain regions. That is, individuals
with musical anhedonia show both impairments
in peripheral physiological responses and neural
responses to typically rewarding musical moments.
In addition to showing decreased NAcc activ-

ity to musical reward, musically anhedonic indi-
viduals also showed reduced connectivity between
reward and auditory regions.53 Here, the authors
performed whole-brain psychophysiological inter-
action analysis to investigate connectivity between

7Ann. N.Y. Acad. Sci. xxxx (2019) 1–17 © 2019 New York Academy of Sciences.
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Figure 3. (A) Bar graphs represent contrast estimates with SEM of the NAcc peak in the group by task contrast. Striped bars
represent the gambling task, while solid bars represent the musical task. FromMartínez-Molina et al.53 (B) Volume of each tract
comparing patient BW with healthy comparisons. From Loui et al.59 (C) Averaged tract between the STG and NAcc for controls
(top) and patient BW (bottom). From Loui et al.59 ANH, anhedonic; HDN, hedonic; HHDN, highly hedonic.

bilateral superior temporal gyri (STG) and the rest
of the brain. They found decreased connectivity
between the right STG and the right NAcc during
music listening inmusically anhedonic participants,
which was significantly lower than the connectivity
between the STG andNAcc in typically hedonic and
highly hedonic individuals. This suggests that not
only is the NAcc less active during music listening
inmusically anhedonic individuals, but thatmusical
anhedonia is associated with deficits in the connec-
tivity between regions critical for auditory percep-
tion and regions critical for reward and motivation
more broadly.
Complementing these functional imaging results

is recent work investigating the structural connec-
tivity of musical anhedonia. Loui and colleagues59
identified an individual case study with severe
musical anhedonia (patient BW). Compared with

healthy control subjects, BW showed significantly
lower tract volume but higher fractional anisotropy
in white matter tracts between the left STG and the
leftNAcc (Fig. 3B andC). This is similar to the result
described above using functional imaging; how-
ever, the structural analysis revealed decreased tract
volume between the left NAcc and STG, whereas
the functional result indicated decreased connec-
tivity between the right NAcc and STG. As current
research on the neural correlates ofmusical anhedo-
nia is still relatively sparse, future research will need
to further examine the possible laterality effects of
musical anhedonia.
A recent group-level study investigated the con-

nectivity between the STG and NAcc, via the OFC,
and how this connectivity varied as a function
of individual differences in musical reward.60 The
authors identified a relationship between musical
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Table 1. Summary of results from neuropsychological studies of acquired musical anhedonia

Citation Study type Lesion location Lesion hemisphere

Mazzoni et al.47 Case Temporoparietal RH
Griffiths et al.61 Case Insula/amygdala LH
Satoh et al.46 Case Temporoparietal, frontal RH
Hirel et al.62 Case Superior temporal gyrus RH
Satoh et al.52 Case Putamen RH
Belfi et al.50 Group n/a n/a

reward, as measured by the BMRQ, and connec-
tivity between the STG and OFC, in a tract that
likely passes through the aIns. This relationship was
observed only in the right hemisphere—individuals
with musical anhedonia showed higher levels of
axial diffusivity in this pathway. However, when
looking at connectivity between theOFC andNAcc,
they identified significant relationships with BMRQ
scores in both hemispheres. In examining the indi-
vidual differences among the healthy control sub-
jects, Loui et al.59 also found that tracts from both
the left and right STG showed significant correla-
tions with individual differences in music reward.
These included tracts between the left STGand aIns,
between the right STG and mPFC, and between
the right STG and NAcc. Among these, the right
STG and mPFC correspond well to the findings
by Martínez-Molina et al.53 on tracts between the
STG and OFC, whereas the aIns was not reported.
While Loui et al.59 found significant correlations in
tracts between the STG andNAcc,Martínez-Molina
et al.53 found that most of their sample had very
few streamlines directly between the STGandNAcc;
however, the latter sample contained more partici-
pants who were musically anhedonic as defined by
the BMRQ. Across the two papers, the fact that the
sample with more musical anhedonics had fewer
streamlinesmay suggest that the tracts are related to
music and reward; furthermore, rather than being
a direct pathway, these streamlines belong to more
than one white matter pathway and/or may run
through multiple other waystations. Overall, these
results suggest that connectivity between the audi-
tory and reward systems varies as a function of indi-
vidual differences in musical reward, and is a key
component of specific musical anhedonia.

Neuropsychological
While neuroimaging results have converged to indi-
cate decreased activity and connectivity between

auditory and reward regions in musical anhedo-
nia without brain damage, neuropsychological evi-
dence has been somewhatmixed.While group-level
studies of musical anhedonia without brain damage
are possible, given a prevalence of around 3–10%
of the healthy population, most studies of acquired
musical anhedonia are isolated case studies (see a
summary of the following case studies inTable 1 and
a visual depiction of the lesion locations in Fig. 4).
The first identified case of musical anhedonia

reports a patient with a lesion to the right tem-
poroparietal area. Prior to his brain injury, he was
an amateur guitar player. After his brain injury, he
showed no cognitive deficits, but complained of a
lack of appreciation of music, saying that it sounded
unemotional and detached. The authors state that
he “presentedwith loss of the gestalt capacity to pro-
cess music, with the consequent loss of aesthetic
pleasure.”47 However, he performed normally on
tasks that assessed structural aspects of the music,
such as identifying aspects of rhythm, melody, and
harmony. When listening to piano and orches-
tral pieces, the patient complained that the music
sounded “flat” with “no emotion.”
Chronologically, the second reported case is a

patient with lesions to the left insula and amygdala,
who showed preserved musical perceptual abilities
but a lack of emotional response to music.61 The
patient held a job as a radio announcer and previ-
ously had derived great pleasure from listening to
music. Prior to his injury, the patient would feel
intense emotional “transformations,” similar to
musical chills, when listening to certain Rachmani-
noff preludes. After his injury, the patient no longer
felt this highly pleasurable response when listening
to these same pieces. In addition, he had a general
loss of pleasurable emotional responses to music.
He did not lose any general musical perceptual
abilities and did not show signs of anhedonia for
any other activities.

9Ann. N.Y. Acad. Sci. xxxx (2019) 1–17 © 2019 New York Academy of Sciences.
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Figure 4. Lesion locations from three previously published cases of acquiredmusical anhedonia. All reproducedwith permission
of the publishers. (A) T2-weighted MRI depicting a lesion to the RH inferior parietal lobule. Reproduced from Satoh et al.46 with
permission from the publisher (Taylor & Francis Ltd). (B) FLAIR-sequence MRI depicting a lesion to the RH superior temporal
gyrus (depicted in purple, Heschl’s gyrus is depicted in pink). Reproduced fromHirel et al.62 (C) FLAIR-sequenceMRI depicting
a lesion to the RH putamen. All images in radiological convention (right hemisphere on the left side of the page). Reproduced
from Satoh et al.52 with permission from the publisher (Taylor & Francis Ltd).

A third case reports on a patient with damage to
the right inferior parietal lobule. After his stroke,
he complained of an inability to experience emotion
from listening to music. This patient was “unable to
have an emotional experience at any time when lis-
tening to music; he could not elicit interest in any
music, even his favorite music or artists.”46 He did
not show this loss of pleasure in any other activ-
ities, including eating food, viewing works of art,
and spending time with his family. The patient also
performed in the normal range on music percep-
tual tests and showed normal emotion identification
in music. Therefore, this patient showed only the
selective loss of pleasure when listening to music,
which the authors were the first to coin as “musical
anhedonia.” A fourth casewas reported in French of

an amateur musician with a lesion to the right supe-
rior temporal lobe after an ischemic stroke.62

A fifth and final case study reports a patient with
acquired musical anhedonia following hemorrhage
to the right hemisphere putamen.52 This individ-
ual was a professional musician who, after his brain
injury, had no subjective experience of emotion in
response to music. Prior to his brain lesion, he fre-
quently felt musical chills, but this did not occur
following his lesion. He could recognize music and
had intact music perception and could perform
music as well as before his injury. He reported
continued enjoyment and pleasure from other
activities, such as viewing art and eating food.
Here, the authors describe musical anhedonia as a
“disconnection syndrome,” since this patient had
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damage to the white matter tract connecting the
insula to the AC. This conception of musical anhe-
donia as a disconnection syndrome is consistent
with neuroimaging findings of impaired connectiv-
ity between auditory and reward regions.
Only one prior neuropsychological study has

attempted to identify musical anhedonia in a large
group of patients with focal brain damage. Belfi and
colleagues studied 78 patients with focal brain dam-
age to a wide variety of brain regions.50 Patients
completed the BMRQ to assess their current musi-
cal reward state, as well as a retrospective ques-
tionnaire of their musical behaviors and feelings
prior to and following their brain injury. As there
is no standard threshold for diagnosing acquired
musical anhedonia following brain damage other
than subjective report by the patient, participants
in this study were classified as musically anhedo-
nic if they scored more than 1.5 SD below the mean
on either the BMRQ or the retrospective question-
naire, while subsequently presenting normally on a
scale tomeasure generalized anhedonia. In addition
to self-report, collaterals (a close relative or friend)
completed a questionnaire asking about changes
in the patients’ musical behaviors following their
brain injuries. Despite a large population of brain-
damaged patients, only a single patient presented
with a possible case ofmusical anhedonia. This indi-
vidual had damage to the right hemisphere putamen
and internal capsule, which is consistent with dam-
age found in a prior case study.52
It is worth briefly noting here that individuals

with brain damage can also exhibit extremely
high hedonic responses to music, or an “abnor-
mal craving for music,” which has been termed
“musicophilia.”63 As with musical anhedonia,
musicophilia has not been widely studied. How-
ever, prior work indicates that musicophilia is
a somewhat common symptom of certain neu-
rological disorders, which has shed light onto
the neural substrates of this abnormal hedonic
response to music.63–65 Individuals with frontotem-
poral dementia who experience musicophilia have
increased graymatter volume in the left hemisphere
hippocampus and decreased gray matter volume
in the posterior parietal cortex, medial OFC, and
frontal pole. The authors suggest that, in this group
of patients, musicophilia reflects a shift toward
enjoyment of abstract activities due to impair-
ments in social behaviors.63 A more recent study in

patients with dementia indicated that musicophilia
was associated with gray matter decreases in a
network including both the striatum and AC.65
This seems consistent with the idea that changes in
musical reward are associated with changes in the
connectivity of the auditory and reward systems.
However, the directionality of this effect—that
is, whether damage to these systems leads to less
enjoyment of music (musical anhedonia) or more
enjoyment of music (musicophilia) is still unclear.
Overall, the neuropsychological results suggest

two things: first, it appears that acquired musi-
cal anhedonia is quite rare, most likely rarer
than musical anhedonia in the healthy popula-
tion. When taken from a clinical perspective, this
may suggest one reason why music therapy can be
used successfully in a wide variety of neurologi-
cal disorders.66–70 It could be the case that intact
musical reward is necessary for successful music
therapy. Therefore, the use of music in neurolog-
ical disorders may be beneficial precisely because
the ability to enjoy music is relatively resistant
to neurological damage. Prior work using music
therapy in stroke patients has suggested that this
may be the case; for example, recent work investi-
gated the relationship between musical reward and
outcomes of music-supported therapy in patients
with subacute stroke.71 Patients who experienced
greater musical reward (as measured on the sen-
sorimotor component of the BMRQ) showed more
improvement in motor symptoms after receiving
music-supported therapy than patients who had
less of a capacity to experience pleasure from
music.
Second, the above results indicate that acquired

musical anhedonia can be the result of brain dam-
age to a variety of regions. It may be surprising,
given the consistency of neuroimaging results in
healthy individuals with musical anhedonia, that
case studies of acquired musical anhedonia show
quite heterogeneous lesion locations. In looking
for commonalities between the reported case stud-
ies of acquired musical anhedonia, there seems to
be somewhat consistent damage in reward- and
emotion-related regions, as regions in the striatum,
amygdala, and insula are implicated in several of
reported case studies. Still, as with neuroimaging
results, the possible laterality effects are unknown,
although the reported case studies are majority
right-hemisphere lesions.

11Ann. N.Y. Acad. Sci. xxxx (2019) 1–17 © 2019 New York Academy of Sciences.
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Figure 5. A neuroanatomical model of musical reward. Dark gray regions indicate known lesions in musical anhedonia. Light
gray regions indicate possible lesions. Solid arrows indicate known patterns of structural or functional connectivity, and dashed
arrows indicate known differences in structural or functional connectivity that are related to decreased musical reward. A1, pri-
mary auditory cortex; HG/PT, Heschl’s gyrus/planum temporale; STG, superior temporal gyrus; STS, superior temporal sulcus;
IFG, inferior frontal gyrus; aIns, anterior insula;mPFC/OFC,medial prefrontal cortex/orbitofrontal cortex;NAcc, nucleus accum-
bens; VTA/SN, ventral tegmental area/substantia nigra; DStr, dorsal striatum; PNS, peripheral nervous system.

What is the nature of the interaction
between auditory to reward systems?

Having reviewed the literature on musical anhe-
donia and individual differences in music reward
sensitivity, it is clear that music can engage the
human reward system. The AC and surrounding
areas in the superior temporal lobe show structural
and functional connectivity to areas in the human
reward system and individual differences in these
connectivity patterns predict differences in reward
sensitivity. Specifically, the belt and parabelt regions
of the auditory system, centering around the
STG, which receives input from primary auditory
regions, are structurally and functionally connected
to other regions involved in higher order auditory
processing, such as the divisions of the inferior
frontal gyrus, as well as the aINS. The aINS, with
its dense connections to the peripheral nervous
system, as well as to the OFC and ventromedial
prefrontal cortex, can be thought of as an integra-
tive region that serves both reward and auditory

functions.72 In addition, the STG is structurally
and functionally connected to the NAcc, which is
connected to the caudate, mPFC, and SN via the
dopaminergic system. Thus, the STG, aIns, and
NAcc are three central regions that overlap in their
connectivity patterns with both classic auditory
and classic reward regions, as seen from multiple
studies reviewed above. The best available evidence
suggests that these core regions, and the auditory
and reward-sensitive regions that surround them,
constitute the key auditory prediction and reward
network that enables the experience of musical
reward, and the lack thereof in musical anhedo-
nia. Figure 5 lays out our neuroanatomical model
of musical reward; this model shows the regions
of interest as well as the connections within and
between the auditory and reward systems.
The model raises important questions for future

studies:

1. To what extent do the connections between
each anatomical region reflect direct structural

12 Ann. N.Y. Acad. Sci. xxxx (2019) 1–17 © 2019 New York Academy of Sciences.



Belfi & Loui Musical anhedonia and reward

connections? On the other hand, to what
extent do these connections reflect func-
tional coupling as a result of routing through
other regions and/or multiple white matter
pathways? These questions can be addressed
in future research by closely comparing the
results of structural and functional connectiv-
ity studies in vivo with results from dissection
and tracer studies.

2. How do perturbations in one node of the
identified system affect other nodes in the
system? These can be addressed using a
combination of brain stimulation (e.g.,
TMS/transcranial direct current stimula-
tion/transcranial alternating current stimula-
tion), functional neuroimaging, and computa-
tional modeling, with additional insights from
different special populations, such as those
with focal brain injury or neurodegenerative
disorders.

3. Is the aINS truly part of both auditory and
reward systems, and if so, is it equally engaged
by other systems? In that regard, ample work
suggests that the insula is involved in detect-
ing salient events and switching between large-
scale networks;73 the present model is consis-
tent with this view.

By defining such a model, we hope to ground
future investigations concerning how specific
regions might interact in such a way that enables
music to acquire its reward value. In that regard,
Meyer has long posited that the systematic fulfill-
ment and violation of our expectations gives rise
to emotion and meaning in music.74 These expec-
tations can be implicitly learned from exposure to
musical stimuli aswell as from sounds that adhere to
gestalt principles,75 analogous to statistical learning
for language.76 Bregman,75 writing in the context
of auditory gestalt psychology, makes a distinction
between primitive perceptual and schema-driven
organization. While he posits that primitives could
be innate (but see Refs. 17 and 77), schema- or
hypothesis-driven organization is driven by top-
down knowledge that informs expectations, both of
which are implicitly or statistically learned. Among
different expectations, Huron further articulates a
continuum ranging from schematic expectations to
veridical expectations, with dynamically adaptive
expectations in between.78

It is noteworthy that Meyer’s seminal work intu-
ited the now-influential free-energy principle.79
The free-energy principle posits that organisms
maintain homeostasis in their environment by
continuously forming predictions and testing them
to minimize prediction error.80 Prediction is a
function of perception, and minimizing prediction
error is a function of learned actions. Hierarchical
predictive coding81 was demonstrated to explain
receptive field effects in neurons of the visual cortex;
this provides some confirmation for the idea that
perception is a form of prediction. Evidence for
predictive coding in the AC comes from fitting a
model of prediction errors, derived from the stimu-
lus sequence, on single-unit recordings from theAC
of the anesthetized cat, which showed that predic-
tion errors were a good fit for neuronal activity.82
Ongoing efforts are underway to translate this
model to human fMRI, electroencephalography, or
magnetoencephalography data to identify neural
substrates of predictive coding with sensitivity and
precision.83

Predictive coding models of the perceptual
system are related to reward prediction error mod-
els of the reward system, which have shown that
dopaminergic neurons respond to predictive cues
that code for reward, thus motivating reinforce-
ment learning.19 In the domain of music, Gold
et al. showed that musical stimuli, specifically
chords and chord progressions with consonant
or dissonant endings, can generate rewards and
reward prediction errors that motivate learning in
a reinforcement-learning protocol.34 This result
shows that because of the systematic relationship
between consonance and pleasure at least in most
westernized listeners, music itself—specifically,
consonant chord endings to chord progressions—
can function both as a prediction (in this case,
the chord progression) and a reward (in this
case, consonant endings as opposed to dissonant
endings).
In the above paradigm, musical chord progres-

sions were designed to be both the predictive cue
and the reward, such that listening to the music
sets up the expectation for a reward. Two ques-
tions that follow from this study are: (1) Do musi-
cal anhedonics fail to learn the association between
musical prediction and reward? and (2) In everyday
listening situations where music is not explicitly
set up as a reinforcement learning paradigm, when
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does music serve as the predictive cue, and when
does it serve as the reward?
While the answers to these two questions will

be key to understanding how music becomes
rewarding,84 here, we point to one of the novel
contributions of our model, which suggests a dis-
sociation between different forms of predictions.
Although there are connections between regions
in the auditory and reward systems, many of the
areas and connections within the auditory system,
such as between the STG and IFG, are not in the
reward system. This suggests that not all audi-
tory predictions become rewarding. In other words,
our model predicts that different connections from
STG/STS have different functional consequences,
depending on whether they activate the reward
system.
Nevertheless, the fact that predictive processes

are most likely involved calls for an active view
of listening, where the brain is constantly form-
ing predictions and testing them to form predic-
tion errors.85 This active view of perception, a
novel interpretation of the classic enactive view
by Varela et al.,86 stands in contrast to the clas-
sic, bottom-up view of the perception-to-cognition
pathway.
This also differs in emphasis from a view of the

AC (STG) as a waystation, accomplishing the func-
tion of filtering or attentional selection, or oth-
erwise acting as a computational hub toward the
different streams of higher level audition.87 Dual-
stream models of auditory perception, including
speech and language, as well as music and singing,
generally posit an action-oriented dorsal “where”
pathway and a semantic- or object-oriented ven-
tral “what” pathway.88–90 These models need to be
integrated with predictive coding accounts to reveal
how biasing predictions might direct connections
differentially to dorsal versus ventral streams, and
how reward might motivate learning within each
stream.

Summary

Taken together, studies from music and reward,
specifically in musical anhedonia, point to the
intricate, intimate, and flexible coupling between
the auditory and reward systems. Because musi-
cal anhedonia is a specific disorder that affects the
intersection of auditory and reward systems, it is
a unique model system for understanding commu-

nications among disparate networks in the human
brain, and how these distal communications might
affect motivated behavior.
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