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Abstract

The aim of this study was to investigate the brain processes underlying emotions during natural music listening. To
address this, we recorded high-density electroencephalography (EEG) from 22 subjects while presenting a set of individually
matched whole musical excerpts varying in valence and arousal. Independent component analysis was applied to
decompose the EEG data into functionally distinct brain processes. A k-means cluster analysis calculated on the basis of a
combination of spatial (scalp topography and dipole location mapped onto the Montreal Neurological Institute brain
template) and functional (spectra) characteristics revealed 10 clusters referring to brain areas typically involved in music
and emotion processing, namely in the proximity of thalamic-limbic and orbitofrontal regions as well as at frontal, fronto-
parietal, parietal, parieto-occipital, temporo-occipital and occipital areas. This analysis revealed that arousal was associated
with a suppression of power in the alpha frequency range. On the other hand, valence was associated with an increase in
theta frequency power in response to excerpts inducing happiness compared to sadness. These findings are partly
compatible with the model proposed by Heller, arguing that the frontal lobe is involved in modulating valenced experiences
(the left frontal hemisphere for positive emotions) whereas the right parieto-temporal region contributes to the emotional
arousal.
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Introduction moods (Goldstein, 1980; Sloboda, 1991; Sloboda et al., 2001,
A considerable part of our everyday emotions is due to music Baumgartner et al.,, 2006a,b). In fact, regulating these affective
listening (Juslin et al., 2008). Music, a cultural universal, serves states is our main motivation for engaging with music
social functions (Juslin and Laukka, 2003; Hagen and Bryant, (Panksepp, 1995; Juslin and Laukka, 2004; Thoma et al., 2011a,b).
2003), and has the power to evoke emotions and influence Affective research already provided many valuable insights into
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the underlying mechanisms of music-evoked emotions. For ex-
ample, there is consensus that specific limbic (e.g. nucleus
accumbens and amygdala), paralimbic (e.g. insular and orbito-
frontal cortex) and neocortical brain areas (e.g. fronto-temporal-
parietal areas) contribute to music-evoked emotions that partly
also underlie non-musical emotional experiences in everyday
life (Blood et al., 1999; Koelsch, 2014). Pleasure experienced dur-
ing music listening is associated with mesolimbic-striatal struc-
tures (Blood et al., 1999; Blood and Zatorre, 2001; Brown et al.,
2004; Menon and Levitin, 2005; Salimpoor et al., 2011, 2013) also
involved in experiencing pleasure in various reward-related be-
haviors such as sex (Pfaus et al., 1995; Aron et al, 2005;
Komisaruk and Whipple, 2005), feeding (Hernandez and Hoebel,
1988; Berridge, 2003; Small et al., 2003) or even money handling
(Knutson et al., 2001). In contrast, the amygdala (another limbic
core structure) is mostly associated with negatively valenced
emotions experienced during music listening (Koelsch et al,,
2006; Mitterschiffthaler et al., 2007; Koelsch et al., 2008) as well
as in response to a wide range of non-musical aversive stimuli
(Phan et al., 2002). However, these phylogenetically old circuits
interact with neocortical areas (Zatorre et al., 2007; Salimpoor
et al.,, 2013; Zatorre and Salimpoor, 2013), enabling the emer-
gence of more complex and music-specific (so-called ‘aesthetic’;
Scherer, 2004) emotions, such as the ones classified by the
Geneva Emotional Music Scale (GEMS) (Zentner et al.,, 2008;
Brattico and Jacobsen, 2009; Trost et al., 2012). Further agree-
ment among researchers concerns the hemispheric lateraliza-
tion of functions related to emotions, as provided by a great
body of neuroimaging and clinical studies making frontal
(Hughlings-Jackson, 1878; Davidson, 2004, 1998; Hagemann
et al., 1998; Sutton and Davidson, 2000; Craig, 2005) or global lat-
eralization a subject of discussion (Silberman and Weingartner,
1986; Henriques and Davidson, 1991; Meadows and Kaplan,
1994; Hagemann et al., 2003). In this context, it is important to
remark that similar effects of lateralization also underlie music-
evoked emotions. In fact, music-related studies using electroen-
cephalography (EEG) have provided evidence indicating that the
right frontal brain region preferably contributes to arousal and
negatively valenced emotions, whereas the left one to positively
valenced emotions (Schmidt and Trainor, 2001; Tsang et al.,
2001; Altenmdiller et al., 2002; Mikutta et al., 2012). Despite
music’s effectiveness in evoking emotions and its closeness to
everyday life, within affective research music is not the most
preferred stimulus material. To a certain extent, this restraint is
due to the idiosyncratic nature of musical experiences
(Gowensmith and Bloom, 1997; Juslin and Laukka, 2004; Zatorre,
2005). Otherwise, there is evidence indicating a certain stability
of music-evoked emotional experiences across cultures (Peretz
and Hébert, 2000; Trehub, 2003) in response to specific elemen-
tary musical structures such as the musical mode (major/
minor) and tempo inducing happiness and sadness (Hevner,
1935, 1937; Peretz et al., 1998; Dalla Bella et al., 2001), or conson-
ant (dissonant) music intervals inducing (un)pleasantness
(Bigand et al., 1996; Trainor and Heinmiller, 1998; Zentner and
Kagan, 1998). However, these physical features possess only
negligible explanatory power considering the full variability of
musical experiences among humans. Another crucial problem
here refers to the fact that authentic music-evoked emotions
unfold particularly over time (Koelsch et al., 2006; Sammler et al.,
2007; Bachorik et al., 2009; Lehne et al., 2013; Jancke et al., 2015),
as for example due to violation or confirmation of established
expectancies (Meyer, 1956; Sloboda, 1991). Temporal character-
istics and specific moments accounting for music-evoked emo-
tions are not only reflected behaviorally (Grewe et al., 2007;
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Bachorik et al., 2009), but also in psychophysiological activity
(Grewe et al., 2005; Grewe et al., 2007; Lundqvist et al., 2008;
Grewe et al., 2009; Koelsch and Jancke, 2015), and in brain activ-
ity (Koelsch et al., 2006; Lehne et al., 2013; Trost et al., 2015). Such
temporal dynamics of emotional experiences requires rather
longer stimuli for experimental purposes, challenging research
implementation especially in terms of classical event-related
paradigms. Thus, alternative methods are indicated to more
fully capture music-evoked emotions.

Independent component analysis (ICA) is a promising data-
driven approach increasingly used to investigate brain states
during real-world experiences. From complex brain activities,
ICA allows to ‘blindly’ determine distinct neural sources with
independent time courses associated with features of interest
while ensuring an optimal signal-to-noise ratio (Jutten and
Herault, 1991; Makeig et al., 1996; Makeig et al., 1997; Makeig
et al., 2000; Jung et al., 2001; Makeig et al., 2004; Lemm et al., 2006).
So far, ICA has already been proved to be fruitful in gaining in-
sights into natural music processing (Schmithorst, 2005;
Sridharan et al., 2007; Lin et al., 2010; Cong et al., 2013; Cong et al.,
2014; Lin et al., 2014), but additionally in other real-world condi-
tions such as resting state (Damoiseaux et al., 2006; Mantini
et al.,, 2007; Jancke and Alahmadi, 2015), natural film watching
(Bartels and Zeki, 2004, 2005; Malinen et al., 2007) and the riddle
of the cocktail party effect (Bell and Sejnowski, 1995).

By applying ICA in combination with high-density EEG, this
study aims at examining the independent components (IC)
underlying music-evoked emotions. In particular, this study
attempts to provide an ecologically valid prerequisite for nat-
ural music listening by including whole music excerpts with
sufficient length as experimental stimuli. Similar to previous
music-related studies (Schubert, 1999; Schmidt and Trainor,
2001; Chapin et al., 2010; Lin et al., 2010), we analyzed music-
evoked emotions in terms of two affective dimensions,
namely scales representing valence and arousal. We manipu-
lated musical experience by presenting different musical ex-
cerpts corresponding to different manifestations on these two
dimensions. Subject-wise, we provided individual sets of stim-
uli in order to take into consideration the idiosyncratic nature
of musical experiences. Despite the exposure of non-identical
stimuli across subjects, we expected ICA to reveal functionally
distinct EEG sources contributing to the both affective
dimensions.

Materials and methods
Participants

Twenty-two subjects (13 female, age range 19-30 years,
M=24.2, s.d. =3.1) who generally enjoyed listening to music but
were not actively engaged in making music for at least the past
5 years participated in this study; 29.4% of the subjects had
never played a musical instrument. According to the Advanced
Measures of Music Audition test (Gordon, 1989), the subjects
ranked on average on the 56th percentile, indicating a musical
aptitude corresponding to 56% of the non-musical population.
At the time of the study as well as for the last 10 years, the sub-
jects listened to music of various genres between 1 and 3 h per
day. According to the Annett-Handedness-Questionnaire
(Annett, 1970), all participants were consistently right-handed.
Participants gave written consent in accordance with the
Declaration of Helsinki and procedures approved by the local
ethics committee and were paid for participation. None of the
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Table 1. Musical excerpts

Composer Excerpt Neg Pos High Low
Albinoni, T. Adagio, G Minor (7'40) 0.64 0 0.27 0.36
Alfvén, H. Midsommarvaka (0'02) 0 0.55 0.36 0.18
Barber, S. Adagio for Strings (1'00) 0.64 0.05 0.45 0.23
Barber, S. Adagio for Strings (5'10) 0.41 0 0.32 0.09
Beethoven, L. Symphony No. 6 ‘Pastoral’ 3rd Mvt.(2'30) 0 0.77 0.68 0.09
Beethoven, L. Moonlight Sonata, 1st Mvt. (0'19) 0.77 0 0.41 0.36
Boccherini, L. Minuetto (0’00) 0 0.5 0.36 0.14
Chopin, F. Mazurka Op 7 No. 1, B flat Major (0'00) 0 0.5 0.14 0.41
Corelli, A. Christmas Concerto-Vivace-Grave (0'20) 0.55 0 0.09 0.45
Galuppi, B. Sonata No. 5, C Major (0'00) 0 0.32 0 0.32
Grieg, E. Suite No. 1, Op. 46-Aase’s Death (1'22) 0.68 0.05 0.36 0.36
Héndel, G.F. Water Music, Suite No. 2 D Major Alla Hornpipe (0'00) 0 0.68 0.45 0.23
Haydn, J. Andante Cantabile from String Quartet Op. 3 No. 5 (0'00) 0.09 0.32 0.09 0.32
Mozart, A. Clarinet Concerto, A Major, K 622 Adagio (0'00) 0.09 0.32 0.19 0.23
Mozart, A. Eine kleine Nachtmusik-Allegro (2/04) 0 0.73 0.59 0.14
Mozart, A. Eine kleine Nachtmusik-Rondo allegro (0'00) 0 0.5 0.32 0.19
Mozart, A. Manuetto, Trio, KV 68 (0'00) 0 0.36 0 0.36
Mozart, A. Piano Sonata No. 10, C Major, K. 330-Allegro moderato (0'00) 0 0.5 0.18 0.36
Mozart, A. Rondo, D Major, K. 485 (0'00) 0 0.59 0.19 0.4
Mozart, A. Violin Concerto No. 3, G Major, K. 216 1st Mvt. (0'00) 0 0.5 0.27 0.23
Murphy, J. Sunshine-Adagio, D Minor (1'30) 0.32 0.27 0.55 0.05
Murphy, J. 28 days later-Theme Soundtrack (0'25) 0.64 0.05 0.41 0.27
Ortega, M. It’s hard to say goodbye (0'00) 0.45 0 0.27 0.18
Pyeong Keyon, J. Sad romance (0'00) 0.77 0 0.59 0.18
Rodriguez, R. Once upon a time in Mexico-Main Theme (0'00) 0.45 0.05 0.18 0.32
Rossini, G. Die diebische Elster (la gazza ladra), Ouvertiire (3'47) 0 0.45 0.27 0.18
Scarlatti, D. Sonata, E Major, K. 380-Andante comodo (0'30) 0 0.55 0 0.55
Schumann, R. Kinderszenen-Von fremden Landern und Menschen (0'00) 0.05 0.36 0.05 0.36
Shostakovich, D. Prelude for Violin and Piano (0'00) 0.68 0 0.41 0.27
Strauss, J. Pizzicato Polka (0'00) 0 0.5 0.36 0.14
Tiersen, Y. I saw daddy today, Goodbye Lenin (0'25) 0.86 0 0.32 0.55
Tiersen, Y. Sur le fil, Amélie (1'40) 0.55 0 0.05 0.5
Tschaikowsky, P. Danse Espagnole (0'20) 0 0.59 0.45 0.14
Vagabond One hour before the trip (1'39) 0.14 0 0.05 0.09
Vivaldi, A. Concerto, A Major, p. 235, Allegro (0'00) 0 0.59 0.41 0.18
Vivaldi, A. Concerto for 2 violins, D major RV 512 (1'15) 0.45 0.05 0.05 0.45
Vivaldi, A. Spring: II. Largo (0'00) 0.73 0 0.23 0.5
Webber, ].L.P. Chowhan, P. Return to paradise (0'05) 0.64 0 0.45 0.18
Yiruma Kiss The Rain, Twilight (0'00) 0.45 0.05 0.18 0.32
Zimmer, H. This Land, Lion King (0'45) 0.45 0.18 0.64 0

Notes: Listed are all musical excerpts with occurrence frequency for each condition. Neg, negatively valenced; Pos, positively valenced; High, highly arousing; Low,

lowly arousing. Excerpt onsets are indicated in brackets.

participants had any history of neurological, psychiatric or
audiological disorders.

Stimuli

A pool of 40 various musical excerpts was heuristically
assembled by psychology students from our lab with the aim of
equally covering each quadrant of the two-dimensional affect-
ive space. The musical excerpts were of different genres namely
of soundtracks, classical music, ballet and operas but did not
contain any vocals. The pool of musical excerpts is listed in
Table 1. Each musical excerpt was 60s of length, stored in MP3
format on hard disk, logarithmically smoothed with a rise and
fall time of 2 s to avoid an abrupt decay, and normalized in amp-
litude to 100% (corresponding to 0 decibel full scale, i.e. dB FS)
by using Adobe Audition 1.5 (Adobe Systems, Inc., San Jose, CA).
This is an automatized process that changes the level of each

sample in a digital audio signal by the same amount, such that
the loudest sample reaches a specified level. Consequently, the
volume was consistent throughout all musical pieces presented
to the participants.

Experimental procedure

Online rating. Prior to the main experimental session, partici-
pants rated all 40 musical excerpts at home according to the va-
lence and arousal dimension via open source platform called
‘Online Learning and Training’ (OLAT, provided by the
University of Zurich, http://www.olat.org/). Seven-point scales
were provided to assess the experienced emotions in response
to each musical excerpt. The scale representing valence ranged
from -3 (sad) to +3 (happy), whereas the scale representing
arousal ranged from 0 (calm) to 6 (stimulating).
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Experimental session. The sets of stimuli presented during EEG
recording were assembled subject-wise based on median splits
calculated for the individual online ratings so that half of the
stimuli represented both opposite parts of the valence and the
arousal dimension, respectively. These sets contained 24 mu-
sical excerpts, reflecting most extreme values represented
within this two-dimensional affective space. Table 1 shows the
occurrence of each stimulus during EEG recording. For each mu-
sical excerpt, the tempo, tonal centroid and zero-crossing rate
were extracted using the Music Information Retrieval toolbox
(Lartillot and Toiviainen, 2007). Regarding these values, the sub-
ject-wise selected stimuli did not differ between the conditions,
indicating overall comparability in the rhythmic [valence:
t(21) =0.996, P=0.331; arousal: t(21)=-0.842, P=0.409], tonal
[valence: t(21) =0.505, P=0.619; arousal: t(21) = —1.141, P=0.267)
and timbral structure [valence: t(21)=0.714, P =0.482; arousal:
t(21) = 1.968, P =0.062].

During EEG measurements, the participants were placed on
a comfortable chair in a dimmed and acoustically shielded
room, at a distance of about 100 cm from a monitor. They were
instructed to sit quietly, to relax and to look at the fixation mark
on the screen to minimize muscle and eye movement artifacts.
All musical excerpts were delivered binaurally with a sound
pressure level of about 80dB by using HiFi headphones
(Sennheiser, HD 25-1, 70 Q, Ireland). The participants were
required to, respectively, rate their experienced emotions after
listening to each musical excerpt. Ratings were performed by
presenting two 5-degreed Self-Assessment Manikin (SAM)
(Bradley and Lang, 1994), reflecting valence and arousal. The
SAM scales contain non-verbal graphical depictions, whereby
rating responses were also recorded between the depictions.
The valence scale ranged from —10 to 10, whereas the arousal
scale ranged from 0 to 10. After each stimulus rating, a baseline
period of 30s followed. The presentation of the stimuli and the
recording of behavioral responses were controlled by the
Presentation software (Neurobehavioral Systems, Albany, CA;
version 17.0).

Data acquisition

The high-density EEG (128 channels) was recorded with a sampling
rate of S00Hz and a band pass filter from 0.3 to 100Hz (Electrical
Geodesics, Eugene, OR). Electrode Cz served as online reference,
and impedances were kept below 30 kQ. Before data pre-process-
ing, the electrodes in the outermost circumference were removed,
resulting in a standard 109-channel electrode array.

Data processing and analyses

Pre-processing. Raw EEG data were imported into EEGLAB
v.13.2.1 (Delorme and Makeig, 2004; http://www.sccn.ucsd.edu/
eeglab), an open source toolbox running under Matlab R2013b
(MathWorks, Natick, MA, USA). Raw EEG data were band-pass
filtered at 1-100Hz and re-referenced to an average reference.
Noisy channels exceeding averaged kurtosis and probability Z-
scores of *5 were removed. On average, 8.4% (s.d. =3.4) of the
channels were removed. Unsystematic artifacts were removed
and reconstructed by wusing the Artifact Subspace
Reconstruction method (Mullen et al., 2013; e.g. Jancke et al.,
2015; http://sccn.ucsd.edu/eeglab/plugins/ASR.pdf) and elec-
trical line noise was removed by the CleanLine function (e.g.
Brodie et al., 2014; http://www.nitrc.org/projects/cleanline).

For each musical excerpt, segments of 65s duration were
created, including a 5s pre-stimulus period. Furthermore, a
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baseline correction relative to the —5 to 0s pre-stimulus time
period was applied.

Independent component analysis. The epoched EEG data were
decomposed into temporally maximally independent signals
using the extended infomax ICA algorithm (Lee et al., 1999). ICA
determines the ‘unmixing’ matrix W with which it unmixes the
multi-channel EEG data X into a matrix U comprising the chan-
nel-weighted sum of statistically IC activity time courses. Thus,
U equals WX. For ICA, we used an iteration procedure based on
the ‘binica’ algorithm with default parameters implemented in
EEGLAB (stopping weight change =10 ~ 7, maximal 1000 learning
steps) (Makeig et al., 1997), revealing as many ICs as data chan-
nels. ICs not corresponding to cortical sources such as eye
blinks, lateral eye movement and cardiac artifacts were
excluded from further analyses. Given that only ICs with dipolar
scalp projections appear as biologically plausible brain sources
(Makeig et al., 2002; Delorme et al, 2012), only such were
included in further analyses. Thus for each IC, we estimated a
single-equivalent current dipole model and fitted the corres-
ponding dipole sources within a co-registered boundary elem-
ent head model (BEM) by using the FieldTrip function DIPFIT 2.2
(http://sccn.ucsd.edu/wiki/A08:_DIPFIT). Furthermore, dipole lo-
calizations were mapped to the Montreal Neurological Institute
brain template. Only ICs accounting for more than 85% of vari-
ance of the best-fitting single-equivalent dipole model were fur-
ther processed (Onton and Makeig, 2006).

Spectral analysis. A 512-point Fast Fourier transform with a 50%
overlapping Hanning window of 1s was applied to compute the
IC spectrogram for each segment. The power of each segment
was normalized by subtracting a mean baseline derived from
the first 5s of stimulus onset (Lin et al., 2010, 2014). The spectro-
gram was then divided into the five characteristic frequency
bands, namely delta (1-4 Hz), theta (4-7 Hz), alpha-1 (8-10.5Hz),
alpha-2 (10.5-13 Hz) and beta (14-30 Hz).

IC clustering. In order to capture functionally equal ICs across all
participants and enable group-level analyses, we applied cluster
analyses based on the k-means algorithm. All ICs from all par-
ticipants were clustered on the basis of the combination of spa-
tial (dipole location and scalp topography) as well as functional
(spectra) characteristics (Onton and Makeig, 2006). The smallest
exhibited number of ICs determined the number of clusters
used for this calculation (Lenartowicz et al., 2014). Furthermore,
we removed ICs whose centroids were 3 s.d. of Euclidean dis-
tance away from fitting into any of the other clusters
(Wisniewski et al., 2012). After calculating the cluster analysis,
we visually confirmed consistency of the ICs within each cluster
in terms of spatial and functional characteristics.

Statistical analyses. Responses to all musical excerpts were ana-
lyzed regarding the valence and arousal dimension independ-
ently from each other. The excerpt ratings during EEG recording
were subject-wise and condition-wise averaged. Paired t-tests
were used to statistically compare averaged responses to posi-
tively with negatively valenced excerpts as well as to highly
with lowly arousing ones, respectively.

In order to determine the affective effects on brain activity
regarding each IC cluster, we conducted analyses of variance
(ANOVA) with two repeated measurements, one with a five-way
factor (delta, theta, alpha-1, alpha-2 and beta) and another one
with a two-way factor (high vs low arousal or positive vs nega-
tive valence). Statistical analyses were adjusted for non-
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sphericity using Greenhouse-Geisser Epsilon when equal vari-
ances could not be assumed. Significant interaction effects were
further inspected by using post hoc t-tests. All post hoc t-tests
were corrected for multiple comparisons by using the Holm pro-
cedure (Holm, 1979).

As it is important to report the strength of an effect inde-
pendent of the sample size, we also calculated the effect size
(7p? by dividing the sums of squares of the effects by the sums
of squares of these effects plus its associated error variance
within the ANOVA computation. All statistical analyses were
performed using the SPSS software (SPSS 19 for Windows; www.
spss.com).

Results

Behavioral data

As confirmed by the ratings during EEG recording, the partici-
pants experienced the musical excerpts in accordance with the
conditions they were previously assembled for. Ratings between
the positively valenced (M=44, s.d.=17) and negatively
valenced stimuli (M= —4.0, s.d. =1.7) differed significantly from
each other [t(21) =14.2, P <0.001]. Furthermore, the participants
rated highly arousing stimuli (M=6.2, s.d.=1.4) significantly
more arousing than low arousing ones [M=4.1, s.d.=14;
t(21) =10.7, P < 0.001]. Behavioral results are depicted in Figure 1.

Electrophysiological data

IC clusters. Our cluster analysis on the estimated single-equiva-
lent current dipoles fitted within the BEM using the DIPFIT func-
tion revealed 10 IC clusters. Sample size and the number of the
ICs contained by each cluster, the Talairach coordinates of the
particular centroids as well as the residual variances (RV) of the
fitted models are reported in Table 2.

Two of the centroids (#1 and 2) were modeled mainly within
subcortical regions, exhibiting individual dipoles located in the
thalamus, amygdala, parahippocampus, posterior cingulate and
insular cortex as well as in the orbitofrontal cortex. Two of them
were modeled near the frontal midline, namely left- (# 3) and
right-lateralized (# 4), exhibiting dipoles distributed around the
inferior, middle and superior frontal lobe. Five of them were
modeled within ‘junction’ regions between lobes: cluster #5 cov-
ered regions from frontal (precentral gyrus, superior, middle and
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medial frontal gyrus) to parietal (postcentral gyrus) and around
the posterior insular cortex. Cluster #6 was mainly located in the
precuneus but additionally included other parietal regions (post-
central gyrus, superior parietal lobus). The individual dipoles of
cluster #7 were distributed around the parietal-occipital junction
(centralized around the cuneus) and cluster #8 was right-lateral-
ized covering temporal-occipital regions (middle occipital lobe,
superior-, middle- and inferior temporal lobe). Finally, the two re-
maining centroids were modeled within posterior regions, left-
(#9) and right-lateralized (#10), exhibiting individual dipoles dis-
tributed around the occipital lobe (fusiform gyrus, lingual gyrus)
and cerebellar structures. In addition, most of the clusters ex-
hibited few individual dipoles in the anterior and posterior cingu-
late cortex, namely in BA 24 (#5), BA 30 (#7, 8, 9), BA 31 (#5, 6, 7)
and BA 32 (#3).

Scalp topographies, dipole locations and spectra of each IC
cluster are depicted in Figure 2.

IC spectra. No cluster reached any significant main effects of va-
lence or arousal, but all of them revealed significant main effects
of frequency (P < 0.001, np*> 0.8). Only two clusters revealed sig-
nificant interaction effects. Cluster #3 exhibited a significant va-
lence x frequency effect [F(1,10)=5.96, P=0.035, yp*=0.373].
According to post hoc t-tests, this effect was due to theta power.
Positive valence was associated with a power increase in this fre-
quency band [t(10) = —2.77 P <0.01]. This accounted for 24.09% of
EEG variance. Cluster #10 exhibited a significant arousal x fre-
quency effect [F(1,16)=15.928, P <0.001, np?>0.499]. This effect
was due to alpha-2 activity. Arousal was associated with a power
suppression in this frequency band [t(16) = —2.133 P=0.025]. This
accounted for 34.85% of EEG variance.

Figure 3 illustrates these two interaction effects in terms of
differences calculated between the two affective conditions.

Discussion

The focus of this work was to examine the neurophysiological
activations evoked during natural music-listening conditions.
In order to get access to functionally distinct brain processes
related to music-evoked emotions, we decomposed the EEG
data by using ICA. The advantage in interpreting ICs lies in its
unmasked quality, making it easier to disentangle and identify
EEG patterns, which might have remained undetectable when
using standard EEG techniques (Makeig et al., 2004; Onton and

Arousal

=1 %* %k %

High

Low

Fig. 1. Mean ratings of the stimuli during the EEG session, separately for the valence (left) and arousal (right) dimensions. The bars depict standard deviations. The as-

terisks indicate the level of significant threshold (**P < 0.001).
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Table 2. IC clusters and the centroids of their dipole location

# Cluster N ICs X y z RV%
1 Limbic-thalamic 11 16 —~3(18) -9 (12) 10 (9) 11(3)
2 Orbitofrontal 14 21 ~10 (18) 25 (21) —24 (6) 9(2)
3 L frontal 11 15 —28(21) 30 (15) 29 (12) 11 (3)
4 R frontal 11 12 19 (12) 38 (19) 32 (12) 12 (2)
5 Frontoparietal 11 22 17 (13) —18 (13) 52 (14) 10 (3)
6 Precuneous 15 19 0(12) —49 (12) 50 (13) 9(3)
7 Parieto-occipital 17 31 —4 (14) —75(13) 22 (13) 11 (3)
8 R temporal-occipital 9 14 41 (18) —49 (16) —4 (15) 10 (3)
9 L occipital 15 22 —24 (12) —87 (10) ~16 (10) 10 (3)
10 R occipital 17 24 13 (10) —86 (11) —18 (10) 10 (3)
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Fig. 2. IC clusters: mean scalp maps showing distribution of relative projection strengths (W*; warm colors indicating positive and cold colors negative values); dipole
source locations (red = centroid; blue = individual dipoles) and spectrogram (black = mean; gray = individual).

Makeig, 2006; Jung et al.,, 2001). ICA denoises and provides an
EEG signal considerably less influenced by non-brain artifacts,
making source analysis more precise. Thus, the EEG results we
revealed here are closely related to neurophysiological proc-
esses. In this study, we revealed a valence-arousal distinction
during music listening, which is clearer as has been reported in
previous studies of this type. In the following, the main findings
will be discussed in a broader context.

Brain sources underlying music-evoked emotions

Consistent with a great body of studies on music listening (e.g.
Platel et al,, 1997; Brown et al, 2004; Schmithorst, 2005), we
found multiple neural sources contributing to the emergence of
music-evoked emotions. In fact, the IC clusters we revealed
here largely overlap with the ones found in a previous ICA study
in which musical excerpts were manipulated in mode and
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Fig. 3. Differences (in A log-power) plotted as a function of frequency range for cluster #3 (left: positive-negative) and cluster #10 (right: high-low). The bars depict
standard errors. The asterisks indicate significant effects (*P < 0.05, **P < 0.01). Holm-corrected.

tempo (Lin et al., 2014). Moreover, we revealed distinct subcor-
tical sources, a finding supported by many functional imaging
studies on music and emotions. Limbic as well as paralimbic
structures are known to be involved in music listening (Brown
et al., 2004), and are strongly related to pleasure and reward
(Blood et al., 1999; Blood and Zatorre, 2001; Koelsch et al., 2006;
Koelsch et al., 2008; Salimpoor et al., 2011; Salimpoor et al., 2013).
In addition, the thalamus and anterior cingulate cortex (ACC)
constitute a considerable part of the arousal system (Paus, 1999;
Blood and Zatorre, 2001). Furthermore, also valence has fre-
quently been ascribed to such subcortical structures, namely to
the amygdala, parahippocampus, ACC, insular cortex and orbi-
tofrontal cortex (Khalfa et al., 2005; Baumgartner et al., 2006b;
Mitterschiffthaler et al., 2007; Green et al., 2008; Brattico et al.,
2011; Liégeois-Chauvel et al., 2014; Omigie et al, 2014).
Altogether, the mesolimbic reward network has recently been
associated with valence during continuous music listening
(Alluri et al., 2015). Worthy of mention, a recent study also using
a data-driven approach, namely one based on inter-subject cor-
relations, was able to identify specific moments during music
listening and thereby associate valence and arousal with re-
sponses of subcortical regions, such as the amygdala, insula
and the caudate nucleus (Trost et al., 2015).

In line with many music-related EEG studies (Schmidt and
Trainor, 2001; Tsang et al., 2001; Altenmdiller et al., 2002;
Sammler et al., 2007; Lin et al., 2010; Mikutta et al., 2012; Tian
et al., 2013; Lin et al., 2014), we identified important contributing
sources in the frontal lobe. In fact, several frontal regions are
known to be involved in music processing, such as the motor-
and premotor cortex (BA 4/6) in rhythm processing (Popescu
et al., 2004), and the middle frontal gyrus in musical mode and
tempo processing (Khalfa et al., 2005). In general, the medial pre-
frontal cortex is strongly associated with emotional processing
(Phan et al.,, 2002). However, although dipoles are frequently
found around the frontal midline (Lin et al., 2010; Lin et al., 2014),
here we revealed two frontal clusters slightly lateralized on ei-
ther side. This finding has previously been reported in auditory
processing and working memory studies (e.g. Lenartowicz et al.,
2014; Rissling et al., 2014). In contrast, the clusters we revealed
around the fronto-central region and the precuneus overlap
with the ones previously reported in music-related EEG studies
(Lin et al., 2010, 2014). According to functional imaging studies,
the inferior parietal lobule (BA 7) also contributes to musical
mode (major/minor) processing (Mizuno and Sugishita, 2007),

and the precuneus has been associated with the processing of
(dis)harmonic melodies (Blood et al., 1999; Schmithorst, 2005).
Finally, several contributing neural sources were identified
in the posterior portion of the brain. Similar posterior scalp
maps have previously been reported in many music-related EEG
studies focusing on ICs (Cong et al., 2013; Lin et al., 2014), even at
the level of single channels (Baumgartner et al., 2006a; Elmer
etal., 2012). This is not surprising, considering the robust finding
of occipital and cerebellar structures being active during music
listening (Brown et al., 2004; Schmithorst, 2005; Baumgartner
et al., 2006b; Chapin et al., 2010; Koelsch et al., 2013). The cerebel-
lum is (together with sensorimotor regions) involved in rhyth-
mic entrainment (Molinari et al., 2007; Chen et al., 2008; Alluri
et al., 2012), whereas occipital regions and also the precuneus/
cuneus contribute to visual imagery (Fletcher et al., 1995; Platel
et al., 1997), both psychological mechanisms proposed to be
partly responsible for giving rise to musical emotions, as con-
ceptualized in the BRECVEM model proposed by Juslin (2013).

Arousal and posterior alpha

The right posterior area of the brain, including occipital and
cerebellar structures, appeared to be crucial in mediating
arousal during music listening as indicated by a suppression of
upper alpha power. In general, alpha power has frequently been
related to affective processing (Aftanas et al., 1996; Aftanas and
Golocheikine, 2001) and various aspects of music processing
(Ruiz et al., 2009; Schaefer et al., 2011). Alpha power is inversely
related to brain activity (Laufs et al., 2003a,b; Oakes et al., 2004),
thus a decrement reflecting stronger cortical engagement. This
suppression effect in connection with arousal has been reported
in several studies (for a review see Foxe and Snyder, 2011), and
has again been confirmed by our findings (Figure 3). However,
the alpha suppression effect we revealed here was only appa-
rent in the upper frequency range. A similar finding was re-
ported by a recent EEG study employing graph theoretical
analyses on the basis of EEG data. In this study, enhanced syn-
chronization in the alpha-2 band during music listening was
observed (Wu et al., 2013). However, in addition to this alpha
suppression there was also a (non-significant) suppression in
delta activity. This is consistent with a previous ICA finding
showing differential delta power in response to highly arousing
music (Lin et al., 2010).
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Alpha oscillation, especially originating from parieto-occipital
regions, drives an inhibitory process in primarily uninvolved
brain areas (such as visual areas) (Fu et al., 2001; Klimesch et al.,
2007; Jensen and Mazaheri, 2010; Sadaghiani and Kleinschmidt,
2013) and is related to internally directed attention constituting
mental states such as imagery (Cooper et al., 2003; Cooper et al.,
2006) or a kind of roping into the music as proposed by Jéancke
et al. (2015). In conclusion, low-arousing music appears to provide
a promoting condition for visual imagery.

Valence and frontal theta

The left frontal lobe appeared to be crucial in mediating valence
during music listening as indicated by differential theta power.
Happiness appeared to be associated with an increase in theta
frequency power. In general, theta power has not only been
linked to aspects of working memory and other mnemonic
processes (Onton et al., 2005; Elmer et al., 2015) but also emo-
tional processing (Aftanas and Golocheikine, 2001), especially in
the case of theta power originating from the ACC (Pizzagalli
et al., 2003). In line with our results, increased frontal theta
power has been reported in response to positively valenced
music, such as in music inducing pleasure or joy (Sammler
et al., 2007; Lin et al., 2010). Even though we revealed several di-
poles along the midline, here the effect in the theta frequency
range was principally linked to a frontal cluster slightly lateral-
ized to the left hemisphere. This left-sided hemispheric domin-
ance is consistent with previous reported power asymmetry in
frontal regions in connection with positively valenced music, at
least in the alpha frequency range (Schmidt and Trainor, 2001,
Tsang et al., 2001). Worthy of mention, there was also a trend at
this area pointing to differences in the alpha frequency range
(Figure 3). The involvement of alpha (together with theta power)
in the context of processing valenced stimuli has recently been
revealed in an intracranial EEG study (Omigie et al, 2014).
However, these differences here did not reach statistical signifi-
cance (alpha-1: P=0.075; alpha-2: P=0.037) after correction for
multiple comparisons. Furthermore, this increase in theta
power is also linked to a (non-significant) increase in beta activ-
ity. This is in line with the previous ICA study by Lin et al. (2014)
relating differential beta activity over the medial frontal cortex
to music with major mode.

Lateralization effects and emotion models

In the past decades, emotions have principally been discussed on
the basis of neurophysiological models postulating functional
asymmetries of arousal and valence. Regarding the valence
dimension, it has been proposed that the left frontal lobe contrib-
utes to the processing of positive (approach) emotions, while its
right-hemisphere counterpart is involved in the processing of neg-
ative (avoidance) affective states (Davidson et al, 1990). In line
with this model, our results also suggest an association between
positive emotions and the left-sided frontal areas. However, al-
though our analyses also yield a right-sided frontal cluster, our
findings do not confirm an effect of negative emotion there. A rea-
son for this discrepancy may be due to the fact that sadness in the
context of music is rather complex involving moods and personal-
ity traits and situational factors (Vuoskoski et al., 2012; Taruffi and
Koelsch, 2014). Therefore, music-induced sadness does not lead to
withdrawal in the same manner as it does in a non-musical con-
text. In fact, sadness induced by music may be experienced as
pleasurable (Sachs et al., 2015; Brattico et al., 2016), which is why
some authors have also argued to consider such emotions as
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vicarious (Kawakami et al., 2013, 2014). Thus, the approach-with-
drawal model that was proposed on the basis of rather everyday
emotions does not seem to be entirely suitable for describing
music-evoked emotions. Heller (1993) proposed a similar model,
however, incorporating the arousal dimension. In addition to the
frontal lobe modulating valence by either hemispheric side, this
model assumes that arousal is modulated by the right parieto-
temporal region, a brain region we also identified in our study as
being associated with music-evoked arousal. Still in line with this
model, our analyses revealed another right lateralized cluster (R
temporal-occipital) close to the area described in the model.

Limitations

Similar to many studies on emotions (Schubert, 1999; Schmidt
and Trainor, 2001; Chapin et al., 2010; Lin et al., 2010), we investi-
gated affective responses within a two-dimensional framework.
Although our findings are to some extent transferable to more
general non-musical emotions, our setting does not allow cap-
turing more differentiated emotions such as the aesthetic ones
characterized by the GEMS (Zentner et al., 2008).

In order to take into account the idiosyncratic nature of
music-listening behavior, our experimental conditions were dir-
ectly manipulated on the affective level, entailing exposure of
non-identical stimuli sets. Although the subject-wise selected
stimuli demonstrated physical comparability among conditions,
our experimental setting does not permit to reasonably deter-
mine the impact of acoustic features on emotional processing.

Conclusion

By applying ICA, we decomposed EEG data recorded from sub-
jects during music listening into functionally distinct brain
processes. We revealed multiple contributing neural sources
typically involved in music and emotion processing, namely
around the thalamic-limbic and orbitofrontal domain as well as
at frontal, frontal-parietal, parietal, parieto-occipital, temporo-
occipital and occipital regions. Arousal appeared to be mediated
by the right posterior portion of the brain, as indicated by alpha
power suppression, and valence appeared to be mediated by the
left frontal lobe, as indicated by differential theta power. These
findings are partly in line with the model proposed by Heller
(1993), arguing that the frontal lobe is involved in modulating
valenced experiences (the left frontal hemisphere for positive
emotions) whereas the right parieto-temporal region contrib-
utes to the emotional arousal. The exciting part of this study is
that our results emerged ‘blindly’ from a set of musical excerpts
selected on an idiosyncratic basis.
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