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Since the publication of the first neuroscience study investigating emotion with music about two decades ago,
the number of functional neuroimaging studies published on this topic has increased each year. This research
music interest is in part due to the ubiquity of music across cultures, and to music’s power to evoke a diverse range of
limbic system intensely felt emotions. To support a better understanding of the brain correlates of music-evoked emotions this
amygdala . . . b . . . . .
hippocampus article reports a coordinate-based meta-analysis of neuroimaging studies (n = 47 studies with n = 944 subjects).
reward system The ‘studie.s employed .a range of diverse experimental approaches (e.g., using music t(? ev<.)ke joy, .sadness, I.’ear,
auditory cortex tension, frissons, surprise, unpleasantness, or feelings of beauty). The results of an activation likelihood estima-
ALE meta-analysis tion (ALE) indicate large clusters in a range of structures, including amygdala, anterior hippocampus, auditory
cortex, and numerous structures of the reward network (ventral and dorsal striatum, anterior cingulate cortex,
orbitofrontal cortex, secondary somatosensory cortex). The results underline the rewarding nature of music, the
role of the auditory cortex as an emotional hub, and the role of the hippocampus in attachment-related emotions

and social bonding.

1. Introduction

Music appears to be part of human nature, as evidenced by the obser-
vation that every known culture has music. In most musical traditions,
the fundamental structural principles of music are tactus (or “beat”) and
scale (i.e., an organization of pitches in ascending or descending order).
Tactus and scale immediately afford that several individuals produce
sounds together in synchrony and harmony. Engaging in the synchro-
nization of movements while making music promotes cooperation and
is a potent elicitor of social bonding, associated with emotions that are
often intensely pleasurable and moving. Likewise, merely listening to
music can elicit strong emotions, and using music to regulate emotions
(e.g. to reduce stress and to promote positive emotions) has been re-
ported to be the most important personal use of music across different
cultures (Boer & Fischer, 2012).

The power to evoke emotions makes music a highly valuable tool
for the investigation of emotions. In fact, given the ubiquity of music
across cultures, and thus most probably throughout human history, our
understanding of emotions would remain incomplete without a proper
understanding of music-evoked emotions (Koelsch, 2018). Neuroscience
has used music to investigate emotions for about two decades now, and
the number of studies published per year on this topic has increased con-
stantly. These studies have provided new insights into the neural cor-
relates of human emotions: A previous meta-analysis (Koelsch, 2014)
revealed two main findings: First, brain structures involved in music-
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evoked emotions with positive valence comprised the entire reward
network, consisting of the ventral striatum (including the nucleus ac-
cumbens, NAc), dorsal striatum (head of the caudate nucleus), amyg-
dala, anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), in-
sula, mediodorsal thalamus (MD), and secondary somatosensory cortex
(SID). This network was also observed in a meta-analysis on monetary,
food, and erotic rewards (Sescousse et al., 2013). Thus, the observa-
tion of that network in studies on music and emotion underlined the
pleasurable nature of music, and showed that music can activate the
entire brain circuitry involved in the affective processing of primary
and secondary rewards. Second, in addition to the reward network, the
anterior hippocampus was implicated in music-evoked emotions (bilat-
erally). This stays in contrast to functional neuroimaging studies on re-
ward (Sescousse et al., 2013), and indicated that music-evoked emo-
tions are not only related to rewards. Instead, it was suggested that the
anterior hippocampus plays a role in attachment-related emotions asso-
ciated with the promotion of social bonding with music (Koelsch, 2014;
Koelsch et al., 2015). However, given the dominance of research inves-
tigating the hippocampus with regard to cognitive functions (such as
learning, memory, and spatial navigation), rather than emotions, a ma-
jor question of the current meta-analysis is whether that result would
be corroborated with a more substantial number of studies.

To date, only one meta-analysis on music-evoked emotions is avail-
able (Koelsch, 2014). However, the number of studies published since
then on this topic is larger than the number of studies included in that
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meta-analysis. This shows the great interest in the field, and motivates
a new meta-analysis. Moreover, since then, two errors in the software
used to compute that meta-analysis (GingerALE) have been corrected
(Eickhoff et al., 2017). The current meta-analysis thus had the aim to
test the hypotheses that brain structures involved in music-evoked emo-
tions include (i) the reward network (with ventral and dorsal striatum,
amygdala, ACC, OFC, insula, MD, and SII), as well as (ii) the anterior
hippocampal formation.

2. Methods

A coordinate-based activation likelihood estimation (ALE) meta-
analysis was computed. ALE determines the likelihood of a voxel for be-
ing a source of activation within a set of studies across the whole brain.
The analysis was performed following the ten methodological recom-
mendations by Miiller et al., 2018; see also the step-by-step flowchart
in Fig. 1).

2.1. Search method and study selection

A search using the search term: {“music” AND “emotion” AND
[“eMRI” OR “functional Magnetic Resonance Imaging” OR “PET” OR
“Positron Emission Tomography”]} with no date boundaries (cut-
off date: 6th September 2019) was performed with the follow-
ing databases: PubMed (www.ncbi.nlm.nih.gov/pubmed), ISI web of
knowledge (Claviate Analytics, Philadelphia, PA, U.S.A.), and Scopus
(Elsevier, Amsterdam, Netherlands). This search returned 199 studies
in ISI, 224 studies in Scopus, and 196 in PubMed.

Criteria for study inclusion were whole-brain analysis, provision of
stereotaxic coordinates (MNI or Talairach space), use of a music stimu-
lus, and at least one measure assessing the subjective feeling component
evoked by that stimulus. None of the contrasts included music with lyrics
(so that any observed effects can be attributed to music, and not merely
to the lyrics of songs), and none of the contrasts included a comparison
of music against a non-auditory (e.g., rest) condition (so that any effects
observed in the auditory cortex cannot merely be due to the contrast of
sound with no-sound). In addition, an inclusion criterion was added for
studies using a decoding analysis: Even if such studies did not include a
direct comparison of music against music, they were included if they in-
cluded a crossmodal decoding or classification for an emotion parameter
(such as valence). The reason is that such results cannot merely be due
to the contrast of sound with no-sound. Finally, studies were excluded if
subjects (or a subgroup of subjects) were part of another study, to avoid
that inclusion of multiple contrasts from the same set of subjects creates
dependence across contrast maps.

Functional connectivity results were included only if they were mod-
ulated by music-evoked emotions (i.e., only PPI- or emotion-specific FC
results were included). Contrasts were included independent of their
direction (e.g., both positive and negative correlations with chills in-
tensity), independent of their emotion (e.g., joy, fear, sadness, tension),
and independent of the neuroimaging technique (e.g., fMRI, dopamine-
specific PET) because the current meta-analysis aimed at identifying
brain structures that show activity changes during music-evoked emo-
tions in general, rather than brain structures that show activation or de-
activation (or availability of a specific neurotransmitter) for a specific
emotion. This approach was motivated by the previous meta-analysis on
this topic (Koelsch, 2014), and justified by the fact that the structures of
the greater limbic system often have complex receptor-architectonics,
with different inhibitory and excitatory receptors being colocalized
within the same voxel. Hence, the same brain structure might show sig-
nal changes due to inhibitory synaptic processes in one emotion condi-
tion, and due to excitatory processes in another. Emotion-specific meta-
analyses might be computed in the future, when more studies on partic-
ular music-evoked emotions are available.
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1. Specification of research question

* Definition of the process of interest: Music-evoked
emotions

» Specification of inclusion and exclusion criteria: Must
scan whole brain (PET or fMRI) and provide
coordinates (MNI or Talairach space), use of music
stimulus and assessment of evoked subjective feeling
required

* Specification of paradigm and contrast: Music
compared with music condition (not against a non-
auditory [e.g., rest] condition) or decoding

v

2. Systematic literature research

» Databases used for search: ISI web of knowledge,
Scopus and PubMed

* Keywords: “music” AND “emotion” AND [“fMRI" OR
“functional Magnetic Resonance Imaging” OR “PET"
OR “Positron Emission Tomography”]

 Date boundaries: no date boundaries (cutoff date:
06.09.2019)

A 4

3. Data extraction
* Coordinates: MNI and Talaraich (converted to
Talairach)
* Sample Size: Total n= 944 (contributing 782 foci):
coordinates reported in 47 studies
* Acquisition space: Whole brain
v
4. Double checking of data
* Compliance with inclusion and exclusion criteria
* Correctness of space and coordinates
\ 4
5. Decisions of the specific analysis and potential sub-
analyses
* ALE analysis of main contrasts of interest, no sub-
analyses

A

6. Conversion of coordinates into the same reference
space
* MNI coordinates converted to Talaraich space
v
7. Calculation of meta-analyses
* ALE analyses: Voxel-level cluster forming threshold of
p <0.001 uncorrected and 1 000 random permutations
with a cluster-level threshold of p < 0.05
v

8. Transparent reporting

* Allinformation necessary for replication provided

* Research questions: What are brain correlates of
music-evoked emotions?

* Detailed inclusion and exclusion criteria

* Flow chart including number of experiments

* Detailed information on each included experiment
(Supplementary Table S1)

Fig. 1. Meta-analysis flowchart. Flowchart diagram as recommended in
the best practice guidelines for conducting neuroimaging meta-analyses by
Miiller et al. (2018), reporting all important steps of the meta-analysis.

2.2. Data analysis

For the selected studies and contrasts, information was obtained
about reference space, sample size, and coordinates of activations. This
information was double-checked by an independent researcher, who
also double-checked compatibility of studies and contrasts with inclu-
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sion and exclusion criteria. All coordinates were transformed into Ta-
lairach space (where necessary) using the ICBM (International Consor-
tium for Brain Mapping) transformation (Lancaster et al., 2007). Coor-
dinates of contrasts were prepared for a pooled analysis, i.e., the coor-
dinates from all relevant contrasts of one study with one sample were
entered as one experiment (Miiller et al., 2018). Then, a random-effects
ALE analysis was performed using GingerALE 3.0.2 (Eickhoff et al.,
2017; Eickhoff et al., 2009; Eickhoff et al., 2012; Laird et al., 2005;
Turkeltaub et al., 2012). A cluster-level FWE correction was applied
with a cluster-level threshold of p < 0.05 and a voxel-level cluster form-
ing threshold of p < 0.001 (1000 thresholding permutations), as rec-
ommended by Miiller et al. (2018). The resulting peak coordinates are
reported in Talairach space, but to assess anatomical probabilities, the
coordinates were transformed to MNI space using the tal2icbm transfor-
mation (Lancaster et al., 2007) and then entered in the Anatomy toolbox
v. 2.2¢ for SPM12 (Eickhoff et al., 2005).

3. Results

Study and contrast selection resulted in 47 experiments (Table 1)
with 944 subjects and 782 foci. The ALE results of these experiments
(FWE-corrected at the cluster-level with p < 0.05 and a voxel-level clus-
ter forming threshold of p < 0.001, see Methods) indicated eight clusters
with 23 peaks (Table 2; the 3D-images containing the ALE results are
provided in the Supplementary Materials). The contrasts contributing to
each of the clusters are listed in Supplementary Table S1.

The largest cluster (Cluster #1) included peaks in the right anterior
hippocampus and amygdala (Fig. 2a), as well as the ventral striatum
(including the nucleus accumbens) and the dorsal striatum bilaterally
(head of the nucleus caudatus, Fig. 2b). This cluster also encompassed
the right bed nucleus of the stria terminalis (BNST) and the ventral
pallidum bilaterally (although no separate peaks were indicated within
these structures). Clusters #2 and #3 encompassed the left and right su-
perior temporal gyrus (STG), with local maxima in the transverse gyri,
corresponding to primary auditory cortex bilaterally (Fig. 2¢ & d). In
both hemispheres, these clusters also encompassed voxels (and in the left
hemisphere a separate peak) located superiorly of the lateral sulcus in
the parietal operculum (POP), corresponding to secondary somatosen-
sory cortex (SII). Cluster #4 comprised of peaks in the left amygdala
and the adjacent anterior hippocampal formation (Fig. 2a). Clusters #5,
#6, and #7 (Fig. 2e) revealed peaks in the medial orbitofrontal cor-
tex (ventromedial prefrontal cortex), the frontopolar (area Fp2 / area
10) and anterior cingulate cortex (areas p24, p32 and s32 according to
Palomero-Gallagher et al., 2019), as well as peaks at the border between
the middle and posterior cingulate cortex (areas 24d and 23c according
to Palomero-Gallagher et al., 2009). Finally, Cluster #8 had a peak in the
inferior colliculus, and extended to the medial geniculate body (MGB).

4. Discussion

The present ALE analysis indicates large clusters encompassing the
amygdala and the anterior hippocampus, numerous structures of the
reward network (ventral and dorsal striatum, anterior cingulate cortex,
orbitofrontal cortex, secondary somatosensory cortex), and the auditory
cortex. This corroborates the prominent role of these structures in music-
evoked emotions.

4.1. Hippocampus

While the role of other limbic- and paralimbic structures in emo-
tions is well established, the hippocampal formation is usually dis-
cussed with regard to its cognitive functions such as learning, mem-
ory, spatial orientation, navigation and exploration. However, the
contrasts contributing to the hippocampal clusters (see Supplemen-
tary Table S1) reveal that such cognitive functions alone cannot ex-
plain the hippocampal activations. For example, increasing reward
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Caudate

CA
Subiculum

Fig. 2. ALE meta-analysis results. Clusters of significant activity changes were
found bilaterally in the amygdala (including both the superficial amygdala (SF)
and the laterobasal amygdala (LB)) and the cornu ammonis (CA) of the hip-
pocampus (panel a), the ventral striatum (including the nucleus accumbens
(NAc)) and the dorsal striatum (caudate nucleus) bilaterally (panel b), audi-
tory cortex including and surrounding Heschl’s gyrus (HG) in the left (panel
¢) and right (panel d) hemisphere, medial orbitofrontal cortex (OFC), anterior
cingulate cortex (ACC), and middle / posterior cingulate cortex (MCC/PCC) in
the medial wall (panel e), and in the right inferior colliculus (IC, panel f). The
cluster in the left auditory cortex extended into the parietal operculum (POP),
where it showed a separate local maximum (panel f). Note that, owing to the
different experimental paradigms used in these studies, limbic and paralimbic
brain areas that have not been indicated in this meta-analysis may neverthe-
less contribute to music-evoked emotions. Outlines of anatomical structures in
panel a are adapted from probability maps according to Eickhoff et al. (2005;
the SF is shown in green, the LB is shown in red, the CA is shown in blue and
the subiculum is shown in yellow). Coordinates refer to Talairach space, images
are shown in neurological convention.

value of music evokes increasing functional connectivity between
the (right) hippocampus and the (right) NAc, even when the mu-
sic is controlled for familiarity (Salimpoor et al., 2013). One study
(Mitterschiffthaler et al., 2007) used sad-sounding music, and sad-
sounding music often evokes nostalgia (Vuoskoski et al., 2012; Taruffi
& Koelsch, 2014; Eerola et al., 2016), and thus likely also autobiograph-
ical memory. However, that study (Mitterschiffthaler et al., 2007) ob-
served activation in the right hippocampus only, while autobiographical
memory is associated with a clear left-hemispheric lateralization of hip-
pocampus activation (Spreng et al., 2009; Pehrs et al., 2018). Notably,
no such left-lateralization is apparent in the present data (if anything,
cluster size and z-values were larger in the right hippocampus). Thus, it
is unlikely that the hippocampal clusters observed in the present results
are associated merely with autobiographical memory or familiarity.
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Table 1
Studies and contrasts included in the meta-analysis.
Nr. of
Study Moda-lity subjects Contrast Nr. of foci
Blood et al., 1999 PET 10 Positive correlations with dissonance 3
Negative correlations with dissonance 5
Blood & Zatorre, 2001 PET 10 Positive correlations with chills intensity 10
Negative correlations with chills intensity 7
Increases in rCBF for subject-selected music minus 10
control music
Decreases in rCBF for subject-selected music minus 7
control music
Positive correlations with pleasantness 9
Negative correlations with ratings of pleasantness 6
Positive correlations with ratings of emotional intensity 8
Negative correlations with ratings of emotional intensity 7
Menon & Levitin, 2005 fMRI 13 Unpleasant > pleasant 3
Khalfa et al., 2005 fMRI 13 Minor - major 3
Koelsch et al., 2006 fMRI 11 Pleasant > unpleasant 3
Unpleasant > pleasant 3
Mitterschiffthaler et al., 2007 fMRI 16 Happy > neutral 11
Sad > neutral 7
Eldar et al., 2007 fMRI 14 Negative combination effect 10
Positive combination effect 11
Mizuno & Sugishita, 2007 fMRI 18 Major - neutral 8
Minor - neutral 5
Major - minor 6
Minor - major 3
Koelsch et al., 2008 fMRI 11 Irregular > regular 4
Suzuki et al., 2008 PET 13 Consonance vs. dissonance 1
Dissonance vs. consonance 3
Minor vs. major 1
Green et al., 2008 fMRI 21 Minor - major 4
Chapin et al., 2010 fMRI 13 Emotional arousal 2
Emotional arousal X experience 9
Salimpoor et al., 2011 PET 10 Pleasure - neutral 7
fMRI 10 Pleasure > neutral 2
Mueller et al., 2011 fMRI 20 Pleasant > unpleasant 7
Caria et al,, 2011 14 Happy favorite music > happy standard 20
Brattico et al., 2011 fMRI 15 Sad > happy 3
Happy > sad 3
Trost et al., 2012 fMRI 16 Positive correlations with arousal ratings 13
Negative correlations with arousal ratings 3
Positive correlations with valence ratings 11
Negative correlations with valence ratings 3
Salimpoor et al., 2013 fMRI 19 Music purchased vs. music not purchased 8
Emotion-specific functional connectivity (increase in 39
reward value)
Koelsch et al., 2013 fMRI 18 Joy > fear 4
Fear > joy 1
Interaction contrast of emotion (joy vs. fear) X time 12
Emotion-specific functional connectivity (joy > fear) 30
Lehne et al., 2014 fMRI 25 Positive correlation with tension 1
Tension (versions with dynamics) > tension (versions 2
without dynamics)
Tension increase > tension decrease 8
Keller et al., 2013 fMRI 21 Music vs. scrambled music X trait anhedonia 12
Aust et al., 2013 fMRI 28 Pleasant > neutral 10
Unpleasant > neutral 7
Altenmiiller et al., 2014 fMRI 18 Positive pieces > less positive pieces 9
Koelsch & Skouras, 2014 fMRI 20 ECM contrast joy > fear 26
Gebauer et al., 2014 fMRI 39 ASD > NT: group difference for happy vs. sad music 3
Main effect of emotional vs. neutral music 13
Main effect of happy vs. sad music 11
Skouras et al., 2014 fMRI 16 Joy > fear 4
Trost et al., 2014 fMRI 18 Consonant vs. dissonant music epochs 7
Halko et al., 2015 fMRI 22 Parametric responses to expected value during Liked 5
music as compared with disliked music
Mueller et al., 2015 fMRI 23 Correlation with pleasantness 16
Tabei, 2015 fMRI 17 Felt emotion > passive listening 3
McPherson et al., 2016 fMRI 12 Negative improvisation > positive improvisation 17
Positive improvisation > negative improvisation 3
Brattico et al., 2016 fMRI 29 Like > dislike 26
Lepping et al., 2016 fMRI 20 Positive > negative valence 6
Bogert et al., 2016 fMRI 56 Main effect of emotion 7
Singer et al., 2016 fMRI 26 Dynamic common activation, parcels encompassed in 37

network 10

(continued on next page)
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Table 1 (continued)

Study Moda-lity Nr. of Contrast Nr. of foci
subjects
Huang et al., 2016 fMRI 18 Popular music > notes clip 12
Artistic music > notes clip
Martinez-Molina et al., 2016 fMRI 45 Pleasure ratings as a parametric effect 1
Okuya et al., 2017 fMRI 20 Correlation between BOLD signals and felt happiness 7
rating
Correlation between BOLD signals and felt sadness ratings 1
Correlation between BOLD signals and felt fear ratings 19
Kim et al., 2017a fMRI 20 Searchlight analysis based on between-modal valence
differences
Oetken et al., 2017 fMRI 20 Musically induced mood (happy vs. sad vs. neutral) X 4
self-evaluation vs. lexical decision making
Kim et al., 2017b fMRI 23 Effect of dissonance 7
Intersubject correlation between rating contrast and 1
BOLD contrasts
Common effect of dissonance 1
Taruffi et al., 2017 fMRI 24 ECM contrasts sad > happy 7
ECM contrasts happy > sad 1
Freeman et al., 2017 fMRI 16 Main effect of task (music > scrambled music) 7
Main effect of task (scrambled music > music) 4
Music vs. scrambled music X cannabis without 7
cannabidiol compared with placebo
Koelsch et al., 2018a fMRI 24 GLM comparisons between emotion conditions (joy, fear, 12
neutral)
ECM comparisons between emotion conditions (joy, fear, 11
neutral)
PPI results with seeds in primary auditory cortex 18
PPI results with seeds in planum polare 20
PPI results with seeds in planum temporale 25
Liu et al.,, 2018 fMRI 48 Musician - non-musician 1
Fast - slow 2
Medium - slow 6
Berthold-Losleben et al., 2018 fMRI 32 Positive > neutral auditory stimulation 12
Daly et al., 2019 fMRI 21 BOLD co-variation with reported felt affect (but not with 19
movement) during generated music listening tasks
BOLD co-variation with reported felt affect (but not with 12

movement) during classical music listening tasks

Abbreviations: ASD: Autism spectrum disorder; ECM: Eigenvector centrality mapping; GLM: General linear model; NT: Neurotypical; PPI: Psychophysiological inter-
action; rCBF: regional cerebral blood flow.

Table 2.
List of peak coordinates and anatomical structures.
Anatomical structure Cluster nr. Coordinate (Talairach) z-value
R anterior hippocampus (CA2, 21%) 1 24 -14 -10 6.4
R amygdala 20 -4 -10 6.2
R ventral striatum |/ NAc 88-2 5.7
R dorsal striatum / head of CN 846 5.5
L ventral striatum |/ NAc -12 10 -4 4.4
L dorsal striatum / head of CN -866 43
L STG / auditory cortex (TE 1.2, 49%) 2 -50 -6 2 6.1
L STG / auditory cortex (TE 1.0, 30%) -48 -16 4 6.1
L parietal operculum / SII (OP1, 36%) -42 -28 12 5.6
R STG / auditory cortex (TE 1.0, 39%) 3 48 -16 6 7.9
R STG | auditory cortex (TE 1.2, 53%) 50 -4 2 5.6
L amygdala 4 -18 -6 -12 6.9
L anterior hippocampus (CA2, 8%) -28 -16 -10 53
L hippocampal formation (DG, 17%) -26 -22 -10 5.1
Pre-genual ACC 5 -8 38 14 4.4
Area s32 (19%) -8 38 -6 43
PCC (area 23c/d) 6 -2 -24 40 4.6
MCC (area 24) -4 -16 38 4.2
Area Fp2 (67%) 7 648 2 4.7
Area p24 10 38 4 3.6
Area p32 6 36 -2 3.5
Inferior colliculus 8 6-32 -8 4.2
Medial geniculate body 10 -28 -6 4.1

Abbreviations: CA: cornu ammonis; CN: caudate nucleus; DG: dentate gyrus; L: left; MCC: middle cingulate
cortex; NAc: nucleus accumbens; PCC: posterior cingulate cortex; R: right; SII: secondary somatosensory
cortex; STG: superior temporal gyrus. Where available, anatomical probabilities, as determined with the
SPM Anatomy Toolbox (Eickhoff et al., 2005), are provided in brackets.
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In animal research, the role of the hippocampus in emotion is well
established. The ventral hippocampus in rodents (corresponding to the
anterior hippocampus in humans) is implicated in anxiety and anxiety-
related behaviors (e.g., lesions of the ventral hippocampus reduce ex-
pression of fear and have anxiolytic effects; Bannerman et al., 2014;
Strange et al., 2014). In addition, the ventral hippocampus projects to
anterior and ventromedial hypothalamic nuclei which are involved in
reproductive and social agonistic behaviors (in addition to their role
in defensive responses; Strange et al., 2014). The hippocampus also
projects to the paraventricular nucleus of the hypothalamus, which con-
trols the release of oxytocin, a hormone critical for the development
of maternal behavior and pair bonding (Strange & Yebra, 2015). No-
tably, in humans, oxytocin also appears to be released during singing
in a choir (Kreutz, 2014; Keeler et al., 2015). These findings point to
the notion that the hippocampus, beyond its role in anxiety and fear-
conditioning, plays a role in social bonding and associated attachment-
related emotions. In humans, such emotions include joy, happiness, and
being moved when social attachments are experienced, or sadness when
social attachments are severed.

In research with humans, the notion that the hippocampus plays a
role in emotions is still not common. Meta-analytic data and reviews
on specific emotions do not find involvement of the hippocampus in
fear (Diekhof et al., 2011), empathy for pain (Shamay-Tsoory, 2011),
emotion regulation (Etkin et al., 2015; Frank et al., 2014), cognitive
reappraisal of emotion (Buhle et al., 2014), or reward (Sescousse et al.,
2013). However, in a meta-analysis of neuroimaging studies on brain
activation to emotional stimuli in general (independent of specific
emotions), peaks in the bilateral hippocampi were observed for both
negative and positive emotion stimuli (Stevens & Hamann, 2012;
Lindquist et al., 2015). Moreover, a meta-analytic review on the brain
basis of emotion (Lindquist et al., 2012) reported increased activity in
the right hippocampus for the perception of emotions (in face, body
or voice), independent of emotional qualia, and in the left hippocampus
when participants perceived fear or sadness. Thus, the finding that music
evokes activity changes in both left and right hippocampus, associated
with both positive and negative emotions (Supplementary Table S1),
is well in agreement with animal research, and with two meta-analyses
investigating emotion independent of specific emotions.

The scarcity of hippocampal activations in human emotion research,
and thus the scarcity of information about the functional role of the
hippocampus in emotions, may be due to a tendency in affective neuro-
science to focus on individual emotions such as fear or reward, rather
than emotions associated with social attachments and social bonding.
Such emotions are easily elicited with music because music promotes
synchronization of movements, and movement synchronization to a beat
with other individuals facilitates social bonding, including increased
mutual trust and cooperation (Tarr et al., 2014). At the same time, such
synchronization is associated with positive emotional effects (Tarr et al.,
2014; Trost et al., 2017), and possibly with activation of the endoge-
nous opioid system (Tarr et al., 2014; Bernatzky et al., 2011), i.e. with
release of endogenous opioids including endorphins. The emotional ef-
fects of the release of such opioids include pleasantness, relaxation, as
well as reduction of stress, anxiety, and pain (Bernatzky et al., 2011). En-
dorphins also support behaviours associated with social bonding (such
as laughter, play, and synchronized movement). The hippocampus pro-
duces endogenous opioids and releases them into several brain areas
such as the NAc and other structures of the reward system (Lathe, 2001).
In addition, the hippocampus can initiate the release of endorphins
from the hypothalamus (a major production site of endogenous opioids;
Lathe, 2001). Because experiments on music and emotion often involve
synchronization (even if synchronization is covert, or unintentional),
they are often also social bonding experiments. Therefore, it is tempting
to speculate that the activity changes in the anterior hippocampus (as
observed in the present meta-analysis) are, at least in part, due to social
bonding and social attachment associated with synchronization of sen-
sorimotor processes to the beat of the music, including neurochemical
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processes such as enkephalinergic innervation of the hippocampus, hip-
pocampal innervation of the paraventricular nucleus of the hypothala-
mus and associated oxytocin release, as well as changes in hypothalamo-
pituitary-adrenal axis activity (Koelsch & Skouras, 2014; Koelsch et al.,
2016). Given the scarce knowledge about the neural correlates of social
bonding in humans, music thus appears to be a highly useful tool for a
more systematic investigation of this topic, for example with regard to
the capacity of music to facilitate the emergence of trust, sympathy, as
well as compassion, and the role that the hippocampus plays in these
emotions.

However, none of the studies included in the present meta-analysis
assessed social bonding nor social attachment (let alone release of en-
dogenous opioids or oxytocin), leaving room for several alternative ex-
planations regarding the hippocampal clusters observed in the present
results: (1) Although it is unlikely that these activations were purely due
to autobiographical memory processes (as argued above), it is well pos-
sible that such processes nevertheless contributed, at least in part, to ac-
tivity changes in the hippocampus. For example, it has been argued that
music likely elicits emotional memories and, hence, activity in the hip-
pocampus associated with memory retrieval (Trost & Frithholz, 2015).
It is also possible that hippocampal activations reflect the encoding of
the emotional experience elicited by the experimental musical stimu-
lus itself, or the encoding of preferred musical stimuli. (2) Likewise,
“episodic simulation”, e.g. inferring others’ mental states through sim-
ulation could have contributed to the (left) hippocampal clusters. For
example, the hippocampus appears to be involved in episodic simula-
tion during empathy (Pehrs et al., 2018), and the hippocampus has been
suggested to play a facilitative role in the processing of emotions pertain-
ing to others’ mental states, possibly associated with an “ongoing recall
and/or prospective simulation as a means to generate and sustain the
emotion” (Immordino-Yang & Singh, 2013). (3) Another interesting pos-
sibility is that hippocampal activations were in part associated with the
exploration of the musical stimuli, similar to (right anterior) hippocam-
pal activations during the exploration of visual displays (Ryals et al.,
2015). Such processes likely involve neural loops including hippocam-
pus, nucleus accumbens (NAc), globus pallidus, and the ventral tegmen-
tal area (Shohamy & Adcock, 2010), with the NAc motivating “epistemic
foraging” (Friston et al., 2017; Cheung et al., 2019). The NAc also mo-
tivates to resolve uncertainty (discussed in more detail in the next sec-
tion), and the hippocampus has been implicated in the encoding of pre-
dictability during active inference (Rigoli et al., 2019), which involves
recruitment of learned priors. Interestingly, a recent study showed that
in a context of high predictability (i.e., when listeners are certain about
their prediction for the next chord), harmonies elicit pleasure when they
are surprising (Cheung et al., 2019). On the other hand, in a context of
low predictability (i.e. high uncertainty) harmonies elicit pleasure when
they are not surprising (Cheung et al., 2019; Gold et al., 2019b). Such
pleasure (emerging from an interaction between uncertainty and sur-
prise) was reflected in activity changes in the anterior hippocampus bi-
laterally. Hence, future studies could also shed further light on the role
of the hippocampus in the encoding of predictability, and in the gener-
ation of emotions elicited by the interaction between predictability and
surprise.

4.2. Ventral striatum and pallidum

The present analysis yielded local maxima in both the left and the
right ventral striatum (including the Nac) and the ventral pallidum
bilaterally. Both NAc and ventral pallidum host “hedonic hotspots”
(Berridge et al., 2009), and 8 out of 10 of the contrasts that contributed
to the activations in these areas (Supplementary Table S1) used music
stimuli associated with “positive valence” (Trost et al., 2012), “pleasant-
ness” (Menon & Levitin, 2005; Keller et al., 2013; Mueller et al., 2015),
“liking / wanting” (Salimpoor et al., 2013), “reward” (Salimpoor et al.,
2013) and “chills” (Blood & Zatorre, 2001). Thus, the present results
clearly underline that the rewarding nature of music is associated with
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activity in the ventral striatum and ventral pallidum. Consistent with
this notion, individuals with specific musical anhedonia show reduced
activity in the NAc in response to music, along with decreased functional
connectivity between the right auditory cortex and the NAc (Martinez-
Molina et al., 2016). Moreover, in individuals with trait anhedonia mu-
sic evokes reduced reactivity and connectivity of mesolimbic and paral-
imbic reward pathways (Keller et al., 2013).

NAc activation in response to music involves dopaminergic activ-
ity: dopamine availability increases in the ventral striatum during the
experience of music-evoked chills (Salimpoor et al., 2011), and ad-
ministration of levodopa (a dopamine precursor) increases the hedo-
nic experience and music-related motivational responses (Ferreri et al.,
2019). Interestingly, after administration of naltrexone, a u-opioid an-
tagonist, both positive and negative emotions to music are attenuated
(Mallik et al., 2017), indicating that, in addition to dopamine, endoge-
nous opioids are associated with experiencing emotions in music.

Notably, the NAc is part of an emotion network that processes re-
ward and pleasure. This network, as reported by Sescousse et al., 2013),
also includes the dorsal striatum, amygdala, orbitofrontal (ventromedial
prefrontal) cortex, cingulate cortex, the medio-dorsal thalamus (MD),
insular cortex, and secondary somatosensory cortex (SII). The present
analysis indicated clusters in all of these structures except MD and in-
sula. Thus, not only the ventral striatum, but the reward network at
large is activated by music, underlining the role of music for pleasure.
Interestingly, it has been claimed that the reward networks associated
with money, food, and erotic rewards differ slightly from each other, ow-
ing to inherent differences between rewards and between the contexts
in which these rewards are obtained (e.g., erotic rewards involving the
extrastriate body area and the hypothalamus; Sescousse et al., 2013).
Perhaps the reward network associated with music is specialized for
social rewards, e.g. when NAc activity is driven by hippocampal inner-
vation associated with social bonding. The idea that such a network for
social rewards might include less activation of MD and insula compared
to other reward networks is consistent with recent meta-analytic data
showing that prosocial (altruistic) behaviour activates a reward network
including the NAc, ACC, and OFC, but not MD and insula (Cutler &
Campbell-Meiklejohn, 2019).

Finally, another interesting role of the nucleus accumbens in musi-
cal emotions is the motivation of epistemic foraging and obtaining epis-
temic value by resolving uncertainty. For example, NAc activation was
observed for musical reward prediction errors (Gold et al., 2019a) and
musical surprise (Shany et al., 2019). Interestingly, the NAc (along with
the dorsal striatum) is activated during chords with high uncertainty
(Cheung et al., 2019), i.e. when listeners are motivated to hear the next
chord to resolve uncertainty, consistent with the role of the NAc in mo-
tivating behaviour aimed at obtaining rewards, and consistent with the
notion of the role for dopamine in the encoding and control of precision
of information that engenders action (Friston et al., 2012).

4.3. Amygdala

The contrasts contributing to the local maxima in the amygdala (Sup-
plementary Table S1) evoked negative as well as positive emotions.
Negative emotions included “fear” (Eldar et al., 2007; Okuya et al.,
2017), “less pleasantness” (Blood & Zatorre, 2001), or “unpleasantness”
(Koelsch et al., 2006), while positive emotions included “pleasantness”
(Mueller et al., 2011; Mueller et al., 2015), and “joy” (Koelsch et al.,
2013). This finding is compatible with the emerging view that the amyg-
dala plays a role in both negative and positive emotions (Lindquist et al.,
2015), owing to its role as an emotional coordination structure that
(i) detects emotional signals from conspecifics (perhaps the superficial
amygdaloid nuclei are specifically involved in this function; Bzdok et al.,
2012), (ii) receives information about threats or potential rewards from
other structures such as the thalamus, auditory cortex, hippocampus and
OFC (especially in the laterobasal complex; LeDoux, 2000), (iii) initiates
and terminates activity in different emotion systems (e.g., in the face
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of threat, activity in pleasure networks is downregulated and activity
in flight- or fight-systems upregulated), thereby (iv) coordinating neural
activity in different emotion-structures and emotion-networks. This role
of the amygdala as a “conductor of the emotion orchestra in the brain”
(Koelsch et al., 2015) is compatible with its high functional and anatom-
ical centrality (i.e., the amygdala has both functional and anatomical
connections to several emotional hubs in the brain; Pessoa, 2018). Part
of this role of the amygdala is the regulation of peripheral arousal, con-
sistent with the well-established role of the central nucleus of the amyg-
dala (which belongs to the centro-medial amygdaloid nuclei group) in
arousal regulation (Singer et al., 2016; Bzdok et al., 2012). In addi-
tion to regulating arousal during music listening (Singer et al., 2016),
amygdala activity appears to increase when musical events evoke a
sudden increase in tension (Koelsch et al., 2008; Lehne et al., 2014).
However, such events are often unexpected tones or chords, thus an in-
teresting alternative explanation of these studies (Koelsch et al., 2008;
Lehne et al., 2014) is that amygdala and hippocampus modulate the
attentional gain in response to prediction errors (such as unexpected
chords in Koelsch et al., 2018b).

4.4. Auditory cortex

Large clusters were also yielded in the auditory cortex. Several of
the contrasts contributing to these clusters used acoustical features that
differed between music stimuli as regressors of no interest, thus at least
some of the activations were not simply due to acoustical differences
(e.g., Koelsch et al., 2013; Koelsch & Skouras, 2014). This supports the
idea that the auditory cortex plays an important role in emotions, be-
yond the traditional notion that sensory cortices have merely percep-
tual functions. This notion was already established in early work on
emotion circuits in the brain, showing that fear conditioning to acous-
tic stimuli involves projections from the auditory cortex to the amyg-
dala (LeDoux, 2000). On the other hand, increasing reward value of
music (as measured by the amount of money participants were willing
to spend on the music they heard) is correlated with increasing func-
tional connectivity between the (right) auditory cortex and the ventral
striatum/nucleus accumbens (Salimpoor et al., 2013). Functional con-
nectivity between the auditory cortex and the nucleus accumbens is par-
ticularly strong in individuals with greater-than-average reward sensi-
tivity to music, whereas individuals with specific musical anhedonia show
reduced functional connectivity between these structures (Martinez-
Molina et al., 2016). More recently, it was found that auditory core,
belt, and parabelt regions have influential positions even within wider-
ranging emotion networks, driving emotion-specific functional connec-
tivity with a number of limbic/paralimbic regions, including (beyond
the ventral striatum) OFC, ACC, parahippocampal cortex and insular
cortex (Koelsch et al., 2018a).

Notably, other structures of the auditory pathway, particularly the
inferior colliculus and the auditory thalamus, are also involved in emo-
tional reactions to acoustic stimuli, which has led to the notion of
an auditory-limbic pathway including the auditory brainstem and tha-
lamus, the amygdala, and the auditory cortex (Strait et al., 2009;
Koelsch, 2014). Besides the auditory cortex, the amygdala, and the tha-
lamus (medial geniculate body), the present results also yield a meta-
analytic activation of the (right) inferior colliculus (IC), thus showing
large parts of the auditory-limbic pathway to be involved in music-
evoked emotions. By virtue of its projections into the autonomic ner-
vous system and the somatic motor system, the IC generates coordinated
viscero- and somatomotor activity in response to relatively simple acous-
tical features such as dissonance (see also activation of the IC in response
to dissonance in the study by Kim et al., 2017b), and in response to bi-
ologically coded signals (such as affective vocalizations of conspecifics)
as well as learned auditory signals with emotional valence (such as con-
ditioned auditory stimuli; see e.g. Miiller-Ribeiro et al., 2016).
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4.5. Secondary somatosensory cortex

Interestingly, the present data also indicated a local maximum in the
(left) secondary somatosensory cortex (SII). SII is located in the pari-
etal operculum (POP), in four cytoarchitectonically separate fields that
mainly cover the upper bank of the Sylvian fissure, extending medially
into the superior-posterior insula, and laterally into the inferior parietal
lobule (Eickhoff et al., 2006). Thus, activations of the superior-posterior
insula in functional neuroimaging experiments are often labeled as insu-
lar activations (and activations of the superior bank of the posterior Syl-
vian fissure as auditory activations), rather than activations of SII. SII is
sensitive for pain, touch, pressure, vibration, temperature, and vestibu-
lar information; it responds to various complex stimuli, including input
from other sensory modalities (but not simply pure somatosensory stim-
uli) and, in contrast to primary somatosensory cortex, is also activated
when viewing other people being touched (reviewed in Keysers et al.,
2010). The POP has been suggested as the neural substrate of the sub-
jective feeling of emotions, synthesizing information from limbic struc-
tures (such as hippocampus and MD), paralimbic structures (such as
OFC and insula), and neocortical structures (such as primary somatosen-
sory cortex) into an emotion percept (Koelsch et al., 2015). Thus, such an
emotion percept is synthesized from intero-, extero-, and propriocep-
tive information (and can be modified by cognitive appraisal; reviewed
in Koelsch et al., 2015). Future studies could be mindful of the fact that
activations within the superior bank of the posterior Sylvian fissure, and
of the outermost part of the posterior-superior insula, can be activations
of SII associated with the representation of emotion percepts.

4.6. Limitations

A general limitation of coordinate-based meta-analyses is that only
those activations can be detected which were elicited in previous stud-
ies; this depends on which emotions were investigated and which ex-
perimental paradigms were used. Thus, other experimental approaches
might lead to a different meta-analytic activation pattern. However, the
present results indicate brain structures that are activated reliably across
studies, and if a structure does not occur in the present meta-analysis,
this does not indicate that this structure cannot be activated by music-
evoked emotions. For example, no cluster was observed in the (ante-
rior) insula in the present meta-analysis, despite the well-established
role of the insula in emotions, e.g. with regard to its interoceptive func-
tion (thus contributing to the feeling component of emotion) and its role
in the regulation of autonomic activity. Correspondingly, previous stud-
ies on music-evoked emotions reported a correlation of regional cere-
bral blood flow in the insula with the intensity of chills (Blood & Za-
torre, 2001), or increased blood oxygenation in the insula during music
evoking feelings of “vitality” associated with high arousal and high va-
lence (Trost et al., 2012). Perhaps no insular cluster was identified in
the present meta-analysis because several of the other studies included
in this analysis aimed at matching arousal levels between experimental
conditions.

5. Conclusions

The present results show large clusters of significant activity changes
bilaterally in the anterior hippocampal formation, the amygdala, the
ventral and dorsal striatum, and the auditory cortex. The results are con-
sistent with the main results of a previous meta-analysis (Koelsch, 2014),
and indicate that hippocampal activations were not only due to cogni-
tive, but rather emotional processes. It is suggested that these emotional
processes in the hippocampus are associated with attachment-related
emotions and social bonding promoted by music, in particular by mo-
toric and emotional synchronization. Moreover, several structures of
the reward network were observed, underlining the rewarding and thus
pleasurable nature of music. Finally, large clusters were indicated in the
auditory cortex, supporting the emerging role of the auditory cortex as
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an emotional hub, beyond the traditional view that the auditory cor-
tex merely accomplishes sensory processing. Future studies might test
these hypotheses further, also using regions of interest as identified in
this study (the 3D-images containing the ALE results are provided in the
Supplementary Materials).
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