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A B S T R A C T

Subcortical brain structures of the limbic system, such as the amygdala, are thought to decode the

emotional value of sensory information. Recent neuroimaging studies, as well as lesion studies in patients,

have shown that the amygdala is sensitive to emotions in voice and music. Similarly, the hippocampus,

another part of the temporal limbic system (TLS), is responsive to vocal and musical emotions, but its

specific roles in emotional processing from music and especially from voices have been largely neglected.

Here we review recent research on vocal and musical emotions, and outline commonalities and differences

in the neural processing of emotions in the TLS in terms of emotional valence, emotional intensity and

arousal, as well as in terms of acoustic and structural features of voices and music. We summarize the

findings in a neural framework including several subcortical and cortical functional pathways between the

auditory system and the TLS. This framework proposes that some vocal expressions might already receive a

fast emotional evaluation via a subcortical pathway to the amygdala, whereas cortical pathways to the TLS

are thought to be equally used for vocal and musical emotions. While the amygdala might be specifically

involved in a coarse decoding of the emotional value of voices and music, the hippocampus might process

more complex vocal and musical emotions, and might have an important role especially for the decoding of

musical emotions by providing memory-based and contextual associations.

� 2014 Elsevier Ltd. All rights reserved.

Abbreviations: ABR, auditory brainstem repsonse; AC/ac, auditory cortex; acb, accessory basal nucleus of the amygdala; AMY/amy, amygdala; b, basal nucleus of the

amygdala; bg, basal ganglia; BOLD, blood oxygenation level dependent; c, central nucleus of the amygdala; ca, cornu armonis; CA1, cornu ammonis, subregion 1; CA3, cornu

ammonis, subregion 3; cbll, cerebellum; CN, cochlear nucleus; CN/cn, cochlear nucleus; DG/dg, dentate gyrus; ERC, entorhinal cortex; erc, entorhinal cortex; F0, fundamental

frequency; fMRI, functional magnetic resonance imaging; h, healthy controls; HC/hc, hippocampus; HG, Heschls gyrus; IC/ic, inferior colliculus; l, lateral nucleus of the

amygdala; m, medial nucleus of the amygdala; MGB/mgb, medial geniculate body; MNI, Montreal Neurological institute; NAc, nucleus accumbens; p, patients; pc, patient

controls; PET, positron emission tomography; PHC/phc, parahippocampal cortex; PPo, planum polare; PRC/prc, perirhinal cortex; PTe, planum temporale; SOC/soc, superior

Contents lists available at ScienceDirect

Progress in Neurobiology

jo u rn al ho m epag e: ww w.els evier . c om / lo cat e/pn eu ro b io
olivary complex; STC/stc, superior temporal cortex; STG, superior temporal gyrus; STS, superior temporal sulcus; sub, subiculum; TLS, temporal limbic system.

* Corresponding author at: Swiss Center for Affective Sciences, University of Geneva, 9 Chemin des Mines, PO Box 60, 1211 Geneva 20, Switzerland. Tel.: +41 22 379 09 15.

E-mail address: sascha.fruehholz@unige.ch (S. Frühholz).
1 These authors are contributed equally to this review paper.

http://dx.doi.org/10.1016/j.pneurobio.2014.09.003

0301-0082/� 2014 Elsevier Ltd. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pneurobio.2014.09.003&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pneurobio.2014.09.003&domain=pdf
http://dx.doi.org/10.1016/j.pneurobio.2014.09.003
mailto:sascha.fruehholz@unige.ch
http://www.sciencedirect.com/science/journal/03010082
www.elsevier.com/locate/pneurobio
http://dx.doi.org/10.1016/j.pneurobio.2014.09.003


S. Frühholz et al. / Progress in Neurobiology 123 (2014) 1–172
6. Acoustic and structural features of vocal and musical emotions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6.1. TLS sensitivity to acoustic features of vocal emotions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

6.2. TLS sensitivity to acoustic features of music . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

6.3. TLS sensitivity to structural features of music . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

7. A neural framework for processing vocal and musical emotions in the TLS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

7.1. Functional pathways for the decoding of vocal emotions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

7.2. Functional pathways for the decoding of musical emotions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1. Introduction

In order to signal and communicate our emotional states and
feelings to other social individuals, humans utilize basic as well as
elaborate means for social communication in different sensory
modalities. Amongst other sensory modalities, auditory signals are
important means for emotional communication. The voice, for
example, is a very basic channel for expressing emotions that
humans also share with nonhuman primates (Belin et al., 2004,
2008; Romanski and Averbeck, 2009) and with more distant
ancestors, such as song birds (Williams, 2004). The human voice is
a powerful way of expressing emotions, both as nonverbal short
bursts of affective exclamations, such as laughter, cries, or screams
(Sauter et al., 2010; Scherer, 1994; Schrober, 2003; Szameitat et al.,
2010; Wattendorf et al., 2013), and as modulation of the intonation
of speech utterances. The latter is often referred to as emotional
prosody (Banse and Scherer, 1996; Grandjean et al., 2006; Patel
et al., 2011; Sundberg et al., 2011) and describes the supraseg-
mental modulations of speech intonations predominantly in terms
of pitch and intensity variations, but also along other features of
the voice quality (Frühholz and Grandjean, 2013c; Frühholz et al.,
2014; Wiethoff et al., 2008).

Besides vocal expressions humans also have developed more
elaborated means to express emotional states in the auditory
modality. One such example is the musical expression of emotions
(Juslin and Vastfjall, 2008; Koelsch, 2010, 2014; Trost et al., 2012;
Trost and Vuilleumier, 2013). Compared to vocal expressions,
music and musically expressed emotions are a rather late
achievement in human phylogenesis, which largely depended
on the cultural development in human societies. However, music
still has some long developmental trajectory dating back to the
time of the Homo neanderthalensis (Conard et al., 2009). Over
several centuries, musical techniques became very sophisticated,
and developed into a powerful mean to express and communicate
emotions, especially of complex emotional states (Trost et al.,
2012; Zentner et al., 2008). It seems that many of the ways to
express emotions in music are shared with vocal expressions
(Juslin and Laukka, 2003; Weninger et al., 2013). Moreover, at the
cognitive and the neural level, human individuals might use
similar mechanisms and the same brain systems to decode
emotions from voices and from music (Escoffier et al., 2012;
Schirmer et al., 2012).

The human brain has developed specific mechanisms for the
perception and the decoding of emotional signals. One of the most
important brain regions for emotional processing is the limbic
system, comprising several cortical areas, but mainly structures
located in the medial temporal lobe and in the brainstem
(Nieuwenhuys, 1996). The amygdala is thought to be located at
the center of the limbic system and the emotional brain (LeDoux,
2000, 2012). Recent studies have shown that the amygdala is
sensitive to emotional signals across many sensory modalities,
including auditory information. Specifically, recent studies have
shown that auditory stimuli such as vocal expressions (Bach et al.,
2008a; Beaucousin et al., 2007; Ethofer et al., 2009; Fecteau et al.,
2007; Frühholz et al., 2012; Frühholz and Grandjean, 2013a;
Grandjean et al., 2005; Leitman et al., 2010b; Morris et al., 1999;
Mothes-Lasch et al., 2011; Phillips et al., 1998; Quadflieg et al.,
2008; Sander et al., 2003b, 2005, 2007; Sander and Scheich, 2005;
Schirmer et al., 2008; Wiethoff et al., 2009) and musically expressed

emotions (Alluri et al., 2012; Ball et al., 2007; Baumgartner et al.,
2006; Blood and Zatorre, 2001; Brown et al., 2004; Chapin et al.,
2010; Dyck et al., 2011; Eldar et al., 2007; Engel and Keller, 2011;
Khalfa et al., 2008; Kleber et al., 2007; Koelsch et al., 2006, 2008,
2013; Lehne et al., 2014; Lerner et al., 2009; Mitterschiffthaler
et al., 2007; Mueller et al., 2011; Mutschler et al., 2010; Pallesen
et al., 2005, 2009; Park et al., 2013; Salimpoor et al., 2013) can elicit
activity in the amygdala, indicating that both vocal emotions and
musical emotions share similar ways of expression, and involve
similar brain mechanisms for the decoding of and adaptive
response to emotional cues.

Caudally to the amygdala lies the hippocampus. The hippo-
campus is also part of the limbic system (Nieuwenhuys, 1996) and
is mainly assumed to have an important role in different cognitive
functions especially related to episodic memory processes
(Maguire, 2001) and for the formation of memory associations
(Henke et al., 1997). Accordingly, the hippocampus has also been
suggested to be important for the formation of emotional
memories, especially in connection with activity in the amygdala
(Phelps and LeDoux, 2005; Richardson et al., 2004). In this
functional interaction, the amygdala is supposed to provide the
affective evaluation of the stimulus and to contribute to the
emotional reaction, whereas the hippocampus is thought to be
responsible for memory encoding. But the hippocampus seems
also to specifically influence emotional processing in the amygdala,
and is important for emotional and social processing in general
(Immordino-Yang and Singh, 2013).

This possible role of the hippocampus for emotional proces-
sing has been partly neglected, but recent studies on processing
visual (Fusar-Poli et al., 2009) and auditory emotional stimuli,
such as emotional vocalizations (Alba-Ferrara et al., 2011;
Beaucousin et al., 2007; Kotz et al., 2012; Leitman et al., 2010b;
Mitchell et al., 2003; Phillips et al., 1998; Rota et al., 2011;
Sander et al., 2005; Szameitat et al., 2010; Wiethoff et al., 2008)
and musical emotions (Alluri et al., 2012; Baumgartner et al.,
2006; Blood and Zatorre, 2001; Chapin et al., 2010; Dyck et al.,
2011; Eldar et al., 2007; Engel and Keller, 2011; Khalfa et al.,
2008; Kleber et al., 2007; Koelsch et al., 2006; Lerner et al., 2009;
Mitterschiffthaler et al., 2007; Mueller et al., 2011; Pallesen
et al., 2009; Plailly et al., 2007; Salimpoor et al., 2013; Trost et al.,
2012; Watanabe et al., 2008) have reported an involvement of
the hippocampus in these processes as well. For the latter it has
been suggested that hippocampal activity during emotional
processing might add episodic memories and contextual
associations to the perception of musically expressed emotions
of complex social meaning (Trost et al., 2012). This however
might also be the case for the perception of vocally expressed
emotions, which have a certain level of social importance and
complexity (Alba-Ferrara et al., 2011), and sometimes depend on
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the social (Szameitat et al., 2010) and the temporal context for
recognition (Bestelmeyer et al., 2010).

Here we review the recent literature and the empirical studies,
which investigated the neural basis of decoding emotional cues
from voices and from music. We will mainly describe the neural
effects of processing emotional cues in nonverbal vocal expres-
sions, and from suprasegmental features of intonations super-
imposed on speech (which we will refer to as ‘‘voice’’ studies), and
mainly in instrumental music (which we will refer to as studies in
‘‘music’’). They all have in common to primarily use acoustic
features as their main medium of expression. We therefore will not
discuss the effects of emotional cues encoded in the semantics of
speech (Kissler, 2013), and we will only partly discuss the effects of
lyrics in music (Brattico et al., 2011).

We will specifically focus on the amygdala and the hippocam-
pus as the most important brain structures in the temporal limbic
system (TLS). We report results from brain imaging studies as well
as from lesions studies with patients during the processing of
emotional voices and music. Furthermore, within an anatomical
framework, we propose a model that might explain the common,
but also the divergent empirical findings of amygdala and
hippocampus activity in response to vocal and musical emotions.
We specifically try to explain findings in the temporal limbic
system (TLS) according to its relation and connectivity to the
ascending and descending auditory pathways of the subcortical
and cortical auditory system. We will argue that there might be
four different functional pathways, or neural loops, connecting the
auditory system and the TLS. These pathways might be differen-
tially used for the decoding of vocal and musical emotions, but also
within the different types of vocalizations and music.

Before we turn to review the recent literature on the neural
basis of processing emotions from the voice and from music, we
first give a short definition and description of the different
emotions encoded in voices and in music. We also give a short
introduction in the human neural auditory system and its
relationship to the limbic system.

2. Which emotions are expressed and perceived in voices and
music and how?

Compared to neutral voices and music, emotions expressed in
both modalities show a diversity of different emotional qualities,
generally ranging from positive (e.g. happiness, positive surprise)
and negative emotions (e.g. anger, fear, disgust) expressed in
voices, and from pleasant and unpleasant emotions expressed in
music. These emotions expressed voices and music can also elicit
similar emotions in the listener, and therefore are also – to a
variable degree – felt by the listener. Beyond this major negative-
positive or pleasant–unpleasant distinction, there are also more
fine-grained emotional categories, which largely correspond to the
main categories of the ‘‘basic emotions’’ (Ekman, 1992), but also go
beyond this constrained set of categories, such as in the case of
sexual arousal and pleasure (Everitt, 1990; Rauch et al., 1999).

Vocal emotions that show effects in the limbic system, comprise
simple emotions, such as anger (e.g. Bach et al., 2008a; Beaucousin
et al., 2007; Ethofer et al., 2009; Frühholz et al., 2012; Leitman
et al., 2010b; Sander et al., 2005; Wiethoff et al., 2009), fear (e.g.
Bach et al., 2008a; Fecteau et al., 2007; Leitman et al., 2010b;
Morris et al., 1999; Phillips et al., 1998; Wiethoff et al., 2009),
disgust (e.g. Kreifelts et al., 2010; Phillips et al., 1998), happiness

(e.g. Fecteau et al., 2007; Kotz et al., 2012; Leitman et al., 2010b;
Mitchell et al., 2003; Sander et al., 2007; Szameitat et al., 2010;
Wiethoff et al., 2009), sadness (e.g. Kotz et al., 2012; Kreifelts et al.,
2010; Mitchell et al., 2003; Morris et al., 1999; Sander et al., 2007),
surprise (Fecteau et al., 2007; Kotz et al., 2012), or sexual pleasure

(Fecteau et al., 2007; Kreifelts et al., 2010; Wiethoff et al., 2009). For
example nonverbal screams, laughs, and crying most likely
represent vocalizations of fear, happiness, and sadness, respec-
tively (Sauter et al., 2010; Scherer, 1994; Schrober, 2003;
Szameitat et al., 2010; Wattendorf et al., 2013). Socially more
complex expressions of emotions are more commonly super-
imposed on speech and are encoded in speech intonations (i.e.
emotional prosody), and comprise, for example, emotions of pride,
guiltiness, or boredom (Alba-Ferrara et al., 2011) as well as emotions
of irony and doubt (Beaucousin et al., 2007).

Similar to vocal emotions, musical emotions could be classified
as pleasant and unpleasant on a general level, and several studies
have investigated the neural basis for this distinction (Blood and
Zatorre, 2001; Blood et al., 1999; Dellacherie et al., 2009; Koelsch
et al., 2006; Mueller et al., 2011; Pallesen et al., 2005; Wieser and
Mazzola, 1986). Especially listening to highly pleasant music is
supposed to lead to intensive feeling of ‘‘chills’’ (Blood and Zatorre,
2001; Panksepp, 1995; Panksepp and Bernatzky, 2002), which
have the strongest effect with self-selected highly pleasurable
music (Blood and Zatorre, 2001; Brattico et al., 2011; Salimpoor
et al., 2011, 2013). Additional to the dimension of pleasantness,
studies also investigated neural responses to music portraying
categorical emotions of happiness or joy (Brattico et al., 2011; Eldar
et al., 2007; Khalfa et al., 2008; Koelsch et al., 2013; Mit-
terschiffthaler et al., 2007), fear (Eldar et al., 2007; Gosselin et al.,
2007, 2011; Koelsch et al., 2013; Park et al., 2013), sadness (Brattico
et al., 2011; Khalfa et al., 2008; Mitterschiffthaler et al., 2007), or
tension (Lehne et al., 2014). Musical tension is often induced by
expectancy violations due to the mismatches of the temporal
progression of music (James et al., 2008; Koelsch, 2014; Lehne
et al., 2014).

Besides investigations on basic musical emotions, there have
also been investigations on domain specific models, such as the
Geneva Emotional Music Scale (GEMS) (Zentner et al., 2008). The
GEMS model includes both more basic emotion categories such as
joy or sadness, but also more complex musical emotions, such as
wonder, peacefulness, transcendence or nostalgia (Trost et al., 2012;
Zentner et al., 2008), with the intention to cover the full range of
basic and complex emotions encoded in, decoded from music or
felt during musical listening. Especially, complex musical emotions
are discussed in relation to the conceptual distinction of utilitarian

and esthetic emotions (Scherer, 2004). While the former are
strongly related to adaptive behavior in terms of immediate
emotional and bodily reactions to an environmental or social
concern, esthetic emotions are appreciations or feelings related to
the intrinsic qualities of stimuli that are unrelated to any
immediate concerns (Scherer, 2004; Trost et al., 2012). Esthetic
emotions usually have less well defined triggers, rarely elicit
immediate goal-oriented responses, and the source of esthetic
emotions is often encountered for the own sake of the consumer
(Zentner, 2010). These characteristics are supposed to be the
dominant mode while listening to music. However, esthetic
appreciations of music, although unrelated to an object of concern,
can still consequently lead to basic emotional reactions in the
listener, which can be measured by different physiological and
cognitive means (Juslin and Vastfjall, 2008), and which are
accompanied by feelings of ‘‘liking–disliking’’ or ‘‘pleasantness–
unpleasantness’’ as well as by neural and bodily responses (Gomez
and Danuser, 2007; Grewe et al., 2007; Trost et al., 2012).
Furthermore, stimulus appraisal processes that are supposed to be
essential for affective states related to utilitarian emotions, such as
novelty or expectancy violations (Scherer, 1984), seem also
important in esthetic appreciations of music, such as in musical
improvisations (Engel and Keller, 2011; Liu et al., 2012).

Unlike categorical models of emotions, dimensional models
propose that all emotions can be represented by a small number of
emotional dimensions. The most prominent dimensional model
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represents emotions in a two dimensional space, which is defined
by the dimension valence and arousal, ranging from negative to
positive and from low to high arousal, respectively (Russell, 1980,
2003). This two-dimensional model has been extended by the
potency dimension (Fontaine et al., 2007). These three dimensions,
that are valence, arousal, and potency, represent the emotional
quality, the level of excitement elicited by the stimulus, and the
level of potential control over the stimulus, respectively. The
potency dimension is specifically related to subjective feelings of
power vs. weakness or dominance vs. submission related the other
individual from which we perceive the emotional signals (Fontaine
et al., 2007). This dimensional emotion model has been success-
fully applied to vocal expressions of emotions (Goudbeek and
Scherer, 2010) and to emotions encoded in music (Eerola and
Vuoskoski, 2011), but musical emotions might even be of a higher-
dimensional space (Trost et al., 2012; Zentner et al., 2008).
Especially the arousal dimension of emotions is of high interest
here, and it has been suggested that there might be two different
arousal dimensions represented by ‘‘energy arousal’’ and ‘‘tension
arousal’’ (Thayer, 1989). Instead of the emotional valence of
stimuli, it has been suggested that especially the amygdala is more
generally sensitive to the intensity or arousal level of emotional
expressions irrespectively of the emotional valence (see Zald,
2003). The intensity or arousal could signify the general relevance
of emotional stimuli to the listener (Sander et al., 2003a,b). This
will be discussed in more detail in Section 5.

Besides the important question about what emotions are
encoded in voices and music and probably felt by the listener, a
second question concerns of how these emotions are encoded in
the acoustic features of these emotional sounds. Voices and music
consist of patterns of acoustic features, which actually help to
decode their emotional meaning, especially in terms of their
affective valence (Banse and Scherer, 1996; Hammerschmidt and
Jürgens, 2007; Juslin and Laukka, 2003; Patel et al., 2011; Sauter
et al., 2010; Weninger et al., 2013). There seem to be some common
features for voices and music from which the emotional meaning
can be decoded, respectively (Juslin and Laukka, 2003; Weninger
et al., 2013). The spectral (along the frequency axis) and the
temporal dimension (along the time axis; see Fig. 1) are the most
common acoustic domains including many different features that
Fig. 1. Example stimuli for the expression of vocal and musical emotions. (A) Amplitude w

panel). Typical features of angry compared with neutral voices are increased intensity (i.e

mainly determined by the fundamental frequency (f0). The pitch results from the sp

spectrogram of a musical piece rated as expressing strong feelings of ‘‘nostalgia’’ (upper p

panel shows the amplitude waveform and the spectrogram of a ‘‘powerful’’ music piec

bands, and increased temporal variability.
help to decode the emotional meaning. The most important
perceived acoustical features defined by the spectral and temporal
properties of sounds are the pitch, the loudness, the tempo and
duration, the timbre as well as the temporal development of these
features. For listeners, these perceived acoustic features provide a
valid cue to discriminate and classify different emotions expressed
in voices and in music (Banse and Scherer, 1996; Juslin and Laukka,
2003; Sauter et al., 2010), that is also reflected in corresponding
brain activity (Frühholz et al., 2012; Leitman et al., 2010a,b, 2011;
Wiethoff et al., 2008). How the human brain and especially how the
auditory and the limbic system deal with these features will be
discussed in detail in Section 6. We first turn to the general
principles of acoustic decoding of external sounds in the human
ascending auditory system.

3. The auditory system and the temporal limbic system (TLS)

The auditory signal of voices and music is represented by a
complex sound wave (Fig. 1). This sound wave has some central
features, such as the spectral pattern and sound intensity, which
are perceived as pitch and loudness, respectively. Voices and
music enter the human ear and trigger a cascade of signal
transpositions along the ascending auditory pathway (Fig. 2).
Incoming sound waves are transmitted by the outer and middle
ear to the cochlea of the inner ear, which transposes them into
neural signals. Downstream from an initial auditory processing in
the cochlear nucleus (CN) and the superior olivary complex (SOC),
the inferior colliculi (IC) are the first brain structures in the
ascending pathway serving more complex acoustic roles, such as
spectral and temporal decoding of acoustic signals (Baumann
et al., 2011). Specifically, the IC is the first processing node, which
extracts complex sound features from the incoming sensory
information and serves multisensory integration (Aitkin et al.,
1978). The IC might also be the source (Warrier et al., 2011) of a
scalp recorded brainstem potential referred to as the auditory
brainstem response (ABR) (Chandrasekaran and Kraus, 2010),
which is a brain potential that locks in with essential temporal
patterns of auditory stimuli. The next processing node is the
medial geniculate body (MGB), located postero-medial to the
thalamus, which responds to tones and to complex sounds. The
aveform and spectrogram of an angry voice (lower panel) and neutral voice (upper

. amplitude) as well as increased mean and standard deviation of the pitch, which is

ecific spectral pattern at each time point. (B) Example amplitude waveform and

anel), which usually involve low level of musical intensity (i.e. amplitude). The lower

e (lower panel) showing increased intensity, increased power in higher frequency



Fig. 2. (A) The neural auditory pathway consists of an interconnecting cascade of

processing nodes from the cochlear nucleus (CN) up to primary auditory cortex (AC)

and higher-level auditory regions in superior temporal cortex (STC). All pathways

are shown here only for the right hemisphere for illustration purposes, but we

assume an identical architecture in the left hemisphere. (B) Amygdala connections

(thin lines indicate intra-amygdalar connections) with the auditory system are

shown in red. The amygdala receives direct input from the MGB of the thalamus and

from higher-level auditory cortex in STC, which both project to the lateral nucleus

(l) of the basolateral complex of the amygdala. Tracing studies in animals also report

a connection between AC and the amygdala (dashed line), but there is no evidence

yet for this connection in humans. The basal nucleus (b) of the basolateral complex

has efferent connection to the IC. The accessory nucleus (ac), the medial (m) and the

central nucleus (c) are not directly connected to the auditory system. Hippocampal

connections (thin lines indicate intra-hippocampal connections) to the auditory

system are shown in green. The hippocampus shows direct and indirect

connections to the auditory cortex. A direct connection exists from the CA1

region to higher-level auditory cortex. Indirect connections mainly provide input to

the hippocampal formation by connections from the STC to the parahippocampal

gyrus (phg), to the perirhinal cortex (prc) and the entorhinal cortex (erc), which

figure as input relays to the hippocampus. (C) Intra-limbic pathway between the

amygdala and the hippocampal formation. The basolateral complex of the

amygdala (l, b, ac) shows bidirectional connections to the hippocampal

formation, except for unidirectional connections from the subiculum (sub) to
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MGB already shows less tonotopic organization (i.e. sensitivity to
specific spectral frequencies) compared to previous processing
nodes, at least in some of its subnuclei (Jones, 2007). The MGB is
sensitive to relatively fast modulation rates in sounds up to
128 Hz (Preuss and Muller-Preuss, 1990). Activity in the MGB can
be top-down modulated during speech processing indicating that
it already processes complex sound information (Von Kriegstein
et al., 2008). The MGB is the last subcortical node in the ascending
pathway, projecting directly to the auditory cortex (AC).

The AC in humans is located in the posterior part of the superior
temporal lobe covering Heschl’s gyrus (HG), parts of the planum
temporal (PTe) and parts of the posterior superior temporal gyrus
(STG) (Hackett, 2011). The primary AC is largely located on the
medial two-thirds of the HG, but the lateral boundaries are less
well defined (Rivier and Clarke, 1997). The primary AC usually
shows tonotopic mapping (Da Costa et al., 2011), such that
different subregions of AC are sensitive to different frequency
bands in complex sound waves. There is also a region in antero-
lateral primary AC, which seems specifically sensitive to sound
pitch (Bendor and Wang, 2005). Besides the sensitivity to spectral
sound information, the sensitivity to temporal modulation rates of
sounds is far less in the AC (<20 Hz) compared to subcortical
structures (Malone et al., 2007). Nonprimary AC also seems to
show lateralized sensitivity to different temporal modulations
rates (Liem et al., 2014) following the suggestion of asymmetric
temporal sampling in both hemispheres (Poeppel, 2003), which a
left hemispheric sensitivity to faster modulations and a right
hemispheric sensitivity to slower temporal modulations. After this
decoding in primary AC, auditory information is fed forward to
secondary AC (i.e. the planum temporale (PTe) and the planum
polare (PPo)) and to higher-level associative cortex in the superior
temporal cortex (STC) (Frühholz and Grandjean, 2013b) consisting
of the STG and superior temporal sulcus (STS), which serve more
complex sound processing including auditory object such as a
voice as well as music and musical structure processing. For
example, several regions along the STG are more sensitive to
human voices compared to other environmental sounds (Belin and
Zatorre, 2000). Similarly, regions in STG are also more sensitive
when listening to music as compared to other sounds (Trost et al.,
2012), and these regions for voice and music processing seem to
overlap in STG (Schirmer et al., 2012).

The auditory system is directly and indirectly connected to the
TLS with different connection patterns to the amygdala and the
hippocampus. The amygdala is efferently and afferently connected
to this ascending auditory system (see Fig. 2B). On the most general
level the amygdala can be subdivided into a basolateral complex, a
centromedial complex, and a superficial complex (Amunts et al.,
2005; Frühholz and Grandjean, 2013a). The MGB has direct
efferent connections (i.e. the direct route) to the lateral part of the
basolateral complex, which receives also afferences from regions in
higher-level STC (i.e. the indirect route) (LeDoux, 2007), probably
also from the AC as found in rodents (Reser et al., 2009). The basal
part of the basolateral complex, in turn, projects to the IC, thus
possibly influencing early levels of auditory processing.

The amygdala is also heavily connected with the hippocampus
(HC) and the hippocampal formation as found in rats (Pitkanen
basal nucleus, from CA1 to the lateral nucleus as well as from the basal nucleus to

the CA3 region. Unidirectional connections exist from the subiculum and the CA1

regions to the centromedial amygdala. Abbreviations: ac auditory cortex; acb

accessory basal nucleus of the amygdala; amy amygdala; b basal nucleus of the

amygdala; bg basal ganglia; c central nucleus of the amygdala; ca cornu armonis;

cbll cerebellum; cn cochlear nucleus; dg dentate gyrus; erc entorhinal cortex; hc

hippocampus; ic inferior colliculus; l lateral nucleus of the amygdala; m medial

nucleus of the amygdala; mgb medial geniculate body; phg parahippocampal gyrus;

prc perirhinal cortex; soc superior olivary complex; stc superior temporal cortex;

sub subiculum.
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et al., 2000). The hippocampus can be divided into a ventral part
located caudally to the amygdala, and a dorsal part located more
posteriorly (Fanselow and Dong, 2010). These subregions seem to
serve emotional and more cognitive processing in the ventral and
the dorsal part, respectively. The hippocampus itself is surrounded
by the parahippocampal formation, which mainly provides
sensory input to the TLS as found in monkeys (Mohedano-Moriano
et al., 2007). The hippocampus has also connections with the
auditory system, but this connectivity differs considerably from
the connectivity of the amygdala with the auditory system
(Fig. 2B). First, the hippocampus shows mainly indirect connec-
tions to the auditory system (i.e. indirect route), which are
mediated by the parahippocampal gyrus (PHG), the perirhinal
cortex (PRC) and the entorhinal cortex (ERC). The PHG, the PRC, and
the ERC are the main input relays to the hippocampus. A direct
efferent connection might exist between the CA1 regions of the
hippocampus and the auditory cortex as found in rats (Cenquizca
and Swanson, 2007). Second, the hippocampus is only connected to
the cortical regions of the auditory system, and shows no
connectivity to subcortical auditory brain regions (Mohedano-
Moriano et al., 2007).

The amygdala and the hippocampus show manifold inter-
connections (Pitkanen et al., 2000) (Fig. 2C). The main processing
cascade in the hippocampus comprises neuronal input provided by
the ERC and the PRC to the dentate gyrus (DG) and the CA3 region,
which feed the signal forward to the CA1 region and to the
subiculum. The subiculum is the major output node of the
hippocampus. Afferent connections from the amygdala terminate
at early levels of this cascade, probably influencing how signals are
fed forward to the hippocampus by the ERC and the PRC, as well as
affecting early processing in the CA3 region. After signal processing
in the hippocampus, this information might be transferred to the
basolateral and the centromedial complex of the amygdala via the
CA1 region and the subiculum (Fig. 2C).

Thus the amygdala is closely connected with subcortical and
cortical regions of the auditory system. The hippocampus is closely
connected with the cortical auditory system and with the
amygdala. This interconnection puts the amygdala and the
hippocampus in a suitable position within the auditory network
to extract the emotional value from incoming sensory information
and to prepare adaptive responses.
Fig. 3. Functional peak activations of studies on processing emotions from vocal expre

amygdala and the hippocampus (red outlines) as part of the temporal limbic system. 

emotional vocalizations (red) and in response to music (green). The image shows a corona

MNI standard space. (C) Functional peak activations for the amygdala and for the hippoca

(right panel, x = 27). Peak activations encircled in black indicate peak activations, whi

abbreviations see Fig. 2; bg basal ganglia.
4. Vocal and musical emotions activate the TLS

As mentioned above, different kinds of emotions can be
expressed in voices and in music. These emotions range from
basic emotions, such as emotions of fear, happiness, anger, disgust,
surprise, sadness, up to more complex emotions. Complex
emotions are, for example, vocal expressions of pride or guilt
(Alba-Ferrara et al., 2011), or musically expressed emotions of
transcendence or nostalgia (Trost et al., 2012; Zentner et al., 2008).
The amygdala and the hippocampus are thought to receive coarse
as well as more complex acoustic and emotional information along
a direct and an indirect route (Jarrell et al., 1987; Phelps and
LeDoux, 2005), respectively. From this information they might
decode the emotional value of these different kinds of emotional
expression.

4.1. TLS activity in response to positive and negative vocal emotions

4.1.1. Amygdala

Most of the recent neuroimaging studies reported amygdala
activity in response to vocal emotions (Fig. 3; see also Table 1).
However, results from early lesion studies provided quite
inconsistent evidence (Adolphs and Tranel, 1999; Anderson and
Phelps, 1998; Bach et al., 2013; Scott et al., 1997; Sprengelmeyer
et al., 1999). Scott et al. (1997) were the first to show that amygdala
damage can lead to impairments for the processing of vocal
emotions. In a patient with bilateral amygdala damage they
showed specific impairments in decoding fear and anger cues from
voices. This finding was replicated for fearful voices in another
patient with bilateral amygdala damage (Sprengelmeyer et al.,
1999), but other patients with bilateral amygdala damage did not
exhibit such an impairment (Adolphs and Tranel, 1999; Anderson
and Phelps, 1998; Bach et al., 2013). Thus, most of the studies
including patients with lesions in unilateral or bilateral amygdala
seem to indicate that the amygdala is not crucial for the decoding
of the emotional tone from vocal expressions. This was mainly
evident for the vocal expression of fear, while for vocal expressions
of anger the amygdala seems to have some kind of importance.

As for lesions studies, data from functional imaging studies
similarly revealed inconsistent findings. Recent studies have
shown that the amygdala responds to emotional vocal intonations
ssions and from music. (A) Sagittal and coronal view to show the position of the

(B) Functional peak activations reported for the bilateral amygdala in response to

l view (y = �4) on the amygdala as indicated by the black box in A, and the axis are in

mpus, shown in two sagittal views for the left (left panel, x = �27) and the right brain

ch have been reported to be located in the amygdala in the original studies. For



Table 1
Functional imaging and lesions studies, which found an involvement of the amygdala (Amy) and the hippocampus (HC) for the decoding of vocal emotions. The table lists the

number of subjects (N), stimulus material, imaging method used (functional resonance imaging (fMRI), (PET), or lesion study), and contrasts from which foci were derived.

Authors N Amy HC Stimulus Method Contrasts

Alba-Ferrara et al. (2011) 19 � Neutral semantic speech fMRI Complex vs. simple emotional voices

Bach et al. (2008a,b) 16 � Pseudo-language-based speech fMRI Implicit (genderd) vs. explicit (valencee)

Beaucousin et al. (2007) 23 � Emotional semantic speech fMRI Human actors vs. Synthetic speech

Ethofer et al. (2009) 24 � Neutral semantic speech fMRI Emotional vs. neutral voicesc

Fecteau et al. (2007) 14 � Nonverbal expressions fMRI Implicit (genderd): anger vs. neutral

Frühholz et al. (2012) 17 � Pseudo-language-based speech fMRI Anger vs. neutral voices; explicit (valencee):

anger vs. neutral

Frühholz and Grandjean (2013a,b,c) 17 � Pseudo-language-based speech fMRI Anger vs. neutral voices; explicit (valencee):

anger vs. neutral

Kotz et al., 2012 � Neutral semantic speech fMRI Surprise

Kreifelts et al. (2010) 24 � Neutral semantic speech;

facial expressions

fMRI Audio-visual > (auditory + visual)

Leitman et al. (2010b) 20 � Neutral semantic speech fMRI Happy + fear voices and cue interaction

Mitchell et al. (2003) 13 � Emotional semantic speech fMRI Implicit (linguisticf) vs. explicit (valencee)

Morris et al. (1999) 6 � Nonverbal expressions PET Emotional vs. neutral voicesc

Mothes-Lasch et al. (2011) 24 � Neutral semantic speech fMRI Implicit (genderd): anger vs. neutral; auditory

vs. visual task

Phillips et al. (1998) 6 � � Nonverbal expressions fMRI Amygdala: Fearful vs. mild happy voicesc;

Hippocampus: Fearful vs. neutral voices;

Fearful vs. disgust voices

Quadflieg et al. (2008) 12 p;a

12 hb

� Neutral semantic speech fMRI Emotional vs. neutral voices

Rota et al. (2011) 12 � Emotional semantic speech fMRI Functional connectivity target of the rIFG

as seed region

Sander et al. (2003a,b) 10 � Nonverbal expressions fMRI Passive listening (detect oddball pitch events)

Sander and Scheich (2005) 20 � Nonverbal expressions fMRI Passive listening (detect oddball spectral events)

Sander et al. (2005) 15 � � Pseudo-language-based speech fMRI Amygdala: Anger vs. neutral voices; anger (spatialg)

vs. neutral voices; anger (no spatial) vs. neutral

voices; anger (spatialg) vs. anger (no spatial);

Hippocampus: anger (no spatial) vs. anger (spatialg)

Sander et al. (2007) 17 � Nonverbal expressions fMRI Passive listening (detect oddball sine tone events)

Schirmer et al. (2008) 14 � Pseudo-language-based speech fMRI Emotional vs. neutral deviant events

Scott et al. (1997) 1 pa � Neutral semantic speech;

nonverbal expressions

Lesion Impaired recognition of vocal fear and anger cues

Sprengelmeyer et al. (1999) 1 pa � Nonverbal expressions Lesion Impaired recognition of vocal fear cues

Szameitat et al. (2010) 18 � Nonverbal expressions fMRI Joy vs. tickle; taunt vs. tickle

Wiethoff et al. (2009) 24 � � Neutral semantic speech fMRI Emotional vs. neutral voices

a p = patients.
b h = healthy controls.
c The contrast ‘‘emotional vs. neutral voices’’ includes the comparison of emotional expression of different valence with neutral expressions. Studies differ in the amount

and the kind of emotional expression, which were entered in this contrast.
d ‘‘Gender’’ indicates an implicit gender discrimination task.
e ‘‘Valence’’ indicates an explicit valence discrimination task.
f ‘‘Linguistic’’ indicates an implicit linguistic discrimination task.
g ‘‘Spatial’’ indicates an explicit processing of emotional voices by directing attention to the spatial location of these voices (operationalized as attentional focus to the left

or right ear). ‘‘No spatial’’ means direction of attention away from the spatial location of emotional voices.
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expressed by nonverbal utterances (Fecteau et al., 2007; Morris
et al., 1999; Phillips et al., 1998; Sander et al., 2003b, 2007; Sander
and Scheich, 2005) or superimposed on speech or speech-like
verbal utterances (Bach et al., 2008a; Beaucousin et al., 2007;
Ethofer et al., 2009; Frühholz et al., 2012; Frühholz and Grandjean,
2013a; Grandjean et al., 2005; Leitman et al., 2010b; Mothes-Lasch
et al., 2011; Quadflieg et al., 2008; Sander et al., 2005; Schirmer
et al., 2008; Wiethoff et al., 2009). Although most of these studies
found an increase of amygdala activity in response to vocal
emotions, some also found a decrease of activity, especially for
fearful expressions (Morris et al., 1999).

In terms of sensitivity to vocal emotions of different emotional
valence, the amygdala is often thought to be especially sensitive to
negative emotions (Vuilleumier, 2005) and in particular to fear
(Ohman and Mineka, 2001). This notion is usually embedded
within an evolutionary framework assuming that the fast and
prioritized detecting of imminent threat was of evolutionary
importance. Not surprisingly, many studies found that the
amygdala is generally sensitive to vocal cues of fear (Leitman
et al., 2010b; Phillips et al., 1998; Scott et al., 1997) or anger
(Ethofer et al., 2009; Frühholz and Grandjean, 2013a; Grandjean
et al., 2005; Mothes-Lasch et al., 2011; Quadflieg et al., 2008;
Sander et al., 2005; Schirmer et al., 2008; Scott et al., 1997). The
amygdala is also sensitive to vocal cues of sadness (Sander and
Scheich, 2005), but not to disgust (Phillips et al., 1998). Given these
recent studies, the most consistent evidence of amygdala
sensitivity to specific vocal emotions yet has been found for angry
expressions (Ethofer et al., 2009; Frühholz and Grandjean, 2013a;
Grandjean et al., 2005; Mothes-Lasch et al., 2011; Quadflieg et al.,
2008; Sander et al., 2005; Schirmer et al., 2008; Scott et al., 1997).
Thus, unlike its proposed role to mainly decode fear, the amygdala
seems more sensitive to vocal cues of anger (Bach et al., 2008a).
Accordingly, results from lesions studies showed that amygdala
damage does not necessarily impair the detection and processing
of vocal cues for fear (Adolphs and Tranel, 1999; Anderson and
Phelps, 1998; Sprengelmeyer et al., 1999). But amygdala activity
seems not to be exclusive for negative vocal expressions, because
amygdala activity has also been found in response to high arousing
expressions of happiness (Fecteau et al., 2007; Leitman et al.,
2010b; Sander et al., 2003b; Sander and Scheich, 2005), indicating
that the amygdala might respond to high arousing emotions in
general.



S. Frühholz et al. / Progress in Neurobiology 123 (2014) 1–178
Despite this abundant evidence, the topic of amygdala
sensitivity to vocal emotions remains debated, as several studies
did not obtain activity in the amygdala in response to vocal
emotions (Buchanan et al., 2000; Dietrich et al., 2007; Escoffier
et al., 2012; Ethofer et al., 2006b; Kotz et al., 2003, 2012; Mitchell,
2006; Mitchell et al., 2003; Schlaug et al., 2010; Szameitat et al.,
2010; Wiethoff et al., 2008; Wildgruber et al., 2002, 2005; Wittfoth
et al., 2010). One critical factor to elicit amygdala activity in
response to vocal emotions might be a task condition where the
emotional cue of a voice is presented outside the focus of attention,
and is thus processed on an ‘‘implicit’’ level (Wildgruber et al.,
2009). For example, when focusing on the gender of the voice, the
emotional value of the voice is still processed on an implicit level
and elicits amygdala activity (Bach et al., 2008a; Fecteau et al.,
2007; Hurt et al., 1998; Mothes-Lasch et al., 2011; Phillips et al.,
1998). Similar amygdala activity is found during incidental
processing of vocal emotions when focusing on the occurrence
of other auditory events (Sander et al., 2003b, 2007; Sander and
Scheich, 2005), or when the emotional cues was not in the spatial
focus of attention (Sander et al., 2005). However, other studies
report amygdala activity in response to vocal emotions only when
the emotional cue is directly in the focus of attention (Beaucousin
et al., 2007; Frühholz and Grandjean, 2013a; Leitman et al., 2010b).

4.1.2. Hippocampus

The hippocampus and the PHG are usually widely neglected in
studies on processing vocal emotions. This is surprising, because a
non-negligible number of studies report activity in the hippocam-
pal formation in response to vocal emotions (Alba-Ferrara et al.,
2011; Beaucousin et al., 2007; Kotz et al., 2012; Leitman et al.,
2010b; Mitchell et al., 2003; Phillips et al., 1998; Rota et al., 2011;
Sander et al., 2005; Szameitat et al., 2010; Wiethoff et al., 2008)
(Fig. 3). Some of this activity is located in the ventral hippocampus
in close vicinity to the amygdala (Beaucousin et al., 2007; Leitman
et al., 2010b; Rota et al., 2011). The hippocampus seems also more
responsive when vocal emotions are presented outside the focus of
attention (Mitchell et al., 2003; Sander et al., 2005). When vocal
emotions are presented inside the focus of attention the
hippocampus however seems also to be part of a network
including the right inferior frontal cortex (see Rota et al., 2011).

Similar to the amygdala, the hippocampus is sensitive to
negative and positive vocal expressions, such as fear (Phillips et al.,
1998), happiness (Leitman et al., 2010b), surprise (Kotz et al.,
2012), or anger (Sander et al., 2005). The hippocampus is even able
to discriminate between different negative (Phillips et al., 1998)
and positive vocal emotions (Szameitat et al., 2010). For the latter it
has been shown that the hippocampus, but not the amygdala, is
sensitive to different types of laughter, such as positively (i.e.
emotional laughter) and negatively connoted laughter, which is
socially more complex (i.e. taunt laughter) (Szameitat et al., 2010).
A valid categorization of both types of laughter might strongly
depend on the context, on memory associations or on contextual
conditions. Thus the hippocampus might provide the appropriate
contextual associations during the perception of different types of
laughter. This might be especially the case for more complex types
of laughter, such as taunt laughter. This is in accordance with the
observation that the hippocampus is more responsive to complex
(i.e. pride or guilt) compared with simple vocal emotions (i.e. anger
or happiness) (Alba-Ferrara et al., 2011). The former more strongly
depend on cultural and contextual connotations and associations,
similar to the processing emotions from musical pieces.

4.2. TLS activity in response to musical emotions

Several neuroimaging studies have demonstrated that the
TLS is involved in the processing of emotions induced by music
(Alluri et al., 2012; Ball et al., 2007; Baumgartner et al., 2006;
Blood and Zatorre, 2001; Brown et al., 2004; Chapin et al., 2010;
Dyck et al., 2011; Eldar et al., 2007; Engel and Keller, 2011; Khalfa
et al., 2008; Kleber et al., 2007; Koelsch et al., 2006, 2008, 2013;
Lehne et al., 2014; Lerner et al., 2009; Mitterschiffthaler et al.,
2007; Mueller et al., 2011; Mutschler et al., 2010; Pallesen et al.,
2005, 2009; Park et al., 2013; Salimpoor et al., 2013) (see also
Table 2). This suggests that the TLS is sensitive to music, and
particularly to music that has the power to induce emotions. The
amygdala and hippocampus respond to unpleasant or negative
musical emotions (Koelsch et al., 2006; Lehne et al., 2014;
Mitterschiffthaler et al., 2007), but also to pleasant music (Koelsch
et al., 2013; Mueller et al., 2011; Salimpoor et al., 2013; Trost et al.,
2012). These results are, similarly to the results obtained with
vocal emotions, not in accordance with the general view that the
TLS and the amygdala are mainly responsive to negative emotions
(Ohman and Mineka, 2001; Vuilleumier, 2005). This discrepancy
could be partly explained by different signal behavior of the
amygdala in response to pleasant and unpleasant music (see
below), but also by regional activity especially within subregions
of the amygdalar complex (Ball et al., 2007; Koelsch et al., 2013).
Some amygdala nuclei seem to respond to negative musical
emotions, while others respond to pleasant music (Koelsch et al.,
2013).

In terms of emotional valence, activity in the amygdala and the
hippocampus seems to be generally sensitive to the level of
subjective pleasantness of music, such as during chills. Chills are
musically evoked moments of extreme pleasure (Panksepp, 1995).
Amygdala and hippocampus activity seems to correlate negatively
with the subjectively experienced intensity of chills (Blood and
Zatorre, 2001). This suggests that the amygdala and the
hippocampus might decrease their activity in response to positive
and pleasant music, and to increase it in response to unpleasant
music, such as dissonant music (Koelsch et al., 2006). Dissonance
has often been used as a model to test the perception of
unpleasantness and the negative valence induced by music (Blood
et al., 1999; Dellacherie et al., 2009; Koelsch et al., 2006; Pallesen
et al., 2005), and the amygdala indeed responds more strongly to
dissonant and minor chords in comparison to major chords
(Pallesen et al., 2005).

Unlike the simple distinction of pleasant and unpleasant music,
several studies investigated more specifically the brain processes
of certain emotions (Brattico et al., 2011; Lerner et al., 2009;
Mitterschiffthaler et al., 2007; Park et al., 2013). The amygdala and
the hippocampus are sensitive to sad compared to neutral music
(Brattico et al., 2011; Mitterschiffthaler et al., 2007), and the
amygdala responds to scary compared to relaxing music (Park
et al., 2013). Similarly, lesions in the TLS can impair the recognition
of sad and scary music (Gosselin et al., 2005, 2007). These results
again seem to suggest that the amygdala and the hippocampus are
rather sensitive to unpleasant music. However, there is increasing
evidence that this association should be revisited (Khalfa et al.,
2008; Koelsch et al., 2013; Mueller et al., 2011; Trost et al., 2012;
Zatorre and Salimpoor, 2013). A recent study found that activity in
the right hippocampus increased when listening to pleasant music
(Trost et al., 2012). Interestingly, the hippocampus differentiated
also between the levels of arousal, responding preferentially to
complex musical emotions evaluated as pleasant and not very
arousing (i.e. tenderness, peacefulness, nostalgia, or wonder). This
indicates that the TLS might be sensitive not only to the arousal and
the intensity level of musical emotions, but also to music with a
certain level of emotional complexity. This would point to an
emotional processing in the TLS that goes beyond simple effects of
arousal and intensity.

Patient studies suggest that the TLS plays a decisive role in
musical emotion processing (Dellacherie et al., 2008, 2011;



Table 2
Functional imaging and lesions studies, which found an involvement of the amygdala (Amy) and the hippocampus (HC) for the decoding of musical emotions. The table lists

the number of subjects (N), stimulus material, imaging method used (functional resonance imaging (fMRI), positron emission tomography (PET), voxel-based morphometric

(VBM), local field potential (LFP), or lesion study), and contrasts from which foci were derived.

Study N Amy HC Stimuli Method Contrast

Alluri et al. (2012) 11 � � Instrumental music fMRI Decreasing pulse clarity

Ball et al. (2007) 14 � Instrumental music fMRI ROI analysis

Baumgartner et al. (2006) 9 � � Instrumental music; IAPSa fMRI IPAS + music vs. IAPS; arousal ratings (Amy)

Blood and Zatorre (2001) 10 � � Musicb (w/o lyrics) PET Decrease of chill intensity

Brattico et al. (2011) 15 � Musicb (w/o lyrics) fMRI Sad music + lyrics vs. sad music

Chapin et al. (2010) 21 � � Instrumental music fMRI Expressive vs. mechanic music

Dellacherie et al. (2008) 43 pc, 19 hd � � Instrumental music Lesion Impaired recognition of neutral music

Dellacherie et al. (2009) 1 p � Instrumental music LFP Dissonant music

Dellacherie et al. (2011) 19 � � Instrumental music Lesion No impairment

Dyck et al. (2011) 30 � � Instrumental music,

facial expressions

fMRI Music + face vs. face; intensity of

negative stimuli (Amy)

Engel and Keller (2011) 22 � � Instrumental music fMRI Improvisations vs. Imitations (Amy);

Imitations vs. Improvisations (HC)

Eldar et al. (2007) 14 � � Instrumental music,

film excerpts

fMRI Music + film vs. film; Music + film vs. music

Fletcher et al. (2013) 37 p, � - VBM HC gray matter in musicophilia

Gosselin et al. (2005) 16 p, 16 h � Instrumental music Lesion Scary music

Gosselin et al. (2006) 17 p, 19 h � � Instrumental music Lesion Dissonant music

Gosselin et al. (2007) 1 p � Instrumental music Lesion Scary and sad music

Gosselin et al. (2011) 16 p, 16 h � � Instrumental music,

facial expressions

Lesion Fearful faces + scary music

Hsieh et al. (2012) 23 p, 20 h � Instrumental music,

facial expression

VBM Impaired emotion recognition

James et al. (2008) 26 � � Instrumental music EEG Experts vs. laymen

Kleber et al. (2007) 16 � � Vocal music fMRI Imagined singing

Khalfa et al. (2008) 26 p, 60 h � � Instrumental music Lesion Dissonant, sad and happy (left resections) music

Koelsch et al. (2006) 11 � � Instrumental music fMRI Unpleasant vs. pleasant music

Koelsch et al. (2008) 24 � Instrumental music fMRI Syntactical violations vs. regular endings

Koelsch et al. (2013) 18 � Instrumental music fMRI Happy vs. fear

Lehne et al. (2014) 25 � Instrumental music fMRI Increasing vs. decreasing tension

Lerner et al. (2009) 12 � � Instrumental music fMRI Eyes closed vs. open (with negative music)

Levitin et al. (2003) 5 p, 5 h � Instrumental music,

environmental sounds

fMRI Music vs. noise

Mitterschiffthaler et al. (2007) 16 � � Instrumental music fMRI Sad vs. neutral music

Mueller et al. (2011) 20 � � Instrumental music fMRI Consonant vs. dissonant music

Mutschler et al. (2010) 20 � � Instrumental music fMRI Long-term habituation

Omar et al. (2011) 26 p, 21 h � � Instrumental music,

facial expressions,

vocal expressions

VBM Gray matter loss

Pallesen et al. (2005) 21 � Instrumental music fMRI Minor vs. major chords; Dissonant vs.

major chords

Pallesen et al. (2009) 10 � � Instrumental music fMRI Passive listening vs. working memory task

Park et al. (2013) 12 � Instrumental music fMRI Scary vs. relaxing music

Pereira et al. (2011) 14 � � Music (w/o lyrics) fMRI Familiar vs. unfamiliar music

Plailly et al. (2007) 13 � Music (w/o lyrics), odors fMRI Familiar vs. unfamiliar music and odors

Polston et al. (2011) Rats � Instrumental music Dopamine

release

Music as conditioned stimulus

Trost et al. (2012) 15 � Instrumental music fMRI Low arousal + high valence

Salimpoor et al. (2013) 19 � � Music (w/o lyrics) fMRI Increasing connectivity to NAc during highly

rewarding music processing

Watanabe et al. (2008) 18 � Instrumental music fMRI Musical memory retrieval

Wieser and Mazzola (1986) 1 � Instrumental music LFP Dissonances, higher-order tonality

Abbreviation: NAc nucleus accumbens.
a Selection of images from the International Affective Picture System (IAPS; http://csea.phhp.ufl.edu/Media.html) picture set.
b Musical pieces were selected by the participants.
c p = patients.
d h = healthy controls.
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Gosselin et al., 2005, 2006, 2007, 2011; Khalfa et al., 2008). Lesions
in the bilateral TLS can lead to an impaired recognition of scary and
fearful music (Gosselin et al., 2005, 2007), but this impairment is
not found with unilateral amygdala lesions (Dellacherie et al.,
2011). This suggests that only bilateral damage in the TLS leads to
an impairment of emotion recognition in music. While some
patients show impaired recognition of musical emotions, others
have shown increased sensitivity to music. Patients with Williams
Syndrome, for example, show increased emotional reactions and
increased amygdala activity when listening to music, an effect that
was not found in healthy controls (Levitin et al., 2003).
Furthermore, in patients with fronto-temporal degeneration it
has been shown that the gray matter loss in the TLS is associated
with impaired recognition of musical emotions (Omar et al., 2011).
Moreover, patients with fronto-temporal degeneration, who
present musicophilia (i.e. a special interest in music), show
increased gray matter volume in the left posterior hippocampus
(Fletcher et al., 2013), indicating that the emotional attachment to
music as a trait factor might be related to the hippocampus
volume.

5. Affective arousal, emotional intensity and multimodal
processing

Rather than decoding and discriminating different emotional
valences, it has been proposed that the TLS and the amygdala are

http://csea.phhp.ufl.edu/Media.html
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more generally sensitive to the intensity level of emotional
expressions irrespectively of the emotional valence (see Zald,
2003). This is closely related to the arousal effect of emotional
signals. There is some evidence that the TLS might partly decode
some kind of emotional intensity expressed in voices and in music.

5.1. TLS sensitivity to arousing and intense vocal emotions

Only few studies yet have investigated the effect of arousal level
on brain responses when listening to vocal emotions. Warren et al.
(2006) presented positive and negative nonverbal vocal expres-
sions and analyzed the brain responses in relationship to the
arousal level of these vocal expressions. While they found a strong
relationship between the arousal level and premotor areas, they
did not find any relationship between the arousal level and activity
in the amygdala or the hippocampus. Wiethoff et al. (2008)
presented neutral words that were spoken in different emotional
tones. They found a linear relationship between emotional arousal
and signal activity in bilateral STG (see also Ethofer et al., 2006c)
and the hypothalamus, but reported no such effect in the amygdala
or the hippocampus. Interestingly, in their study these arousal
effects in STG were strongly associated with specific acoustic
features of vocal expressions, such as the fundamental frequency
(F0) and the intensity (i.e. loudness) of vocal emotions.

However, the intensity level of vocal emotions might be
influenced not only by the intensity level of the vocal expressions
alone, but can also be influenced by additional affective cues
during the processing of emotional signals. In everyday life,
emotional signals usually do not occur in one single modality, but
rather in multiple sensory channels. Vocal expressions most often
are accompanied by facial emotional cues (Kreifelts et al., 2010)
and by body posture cues (Stienen et al., 2011). Ethofer et al.
(2006a) have shown that the perceived emotional intensity of
fearful, but not of happy facial expressions is increased when
accompanied by congruent vocal expressions. And this increased
intensity of face-voice cues was correlated with activity in the left
amygdala. Similarly, Kreifelts et al. (2010) found an increase in
bilateral amygdala activity during the processing of vocal emotions
accompanied by facial expressions, compared to vocal emotions
alone. No such effects were found in the hippocampus. Thus
multimodal studies of vocal emotions presented together with
emotional cues from other modalities provide some evidence that
the amygdala, but not the hippocampus, is sensitive to the arousal
or intensity level of vocal emotions (Milesi et al., 2014).

5.2. TLS sensitivity to arousing musical emotions

Direct evaluations for the arousal dimensions in music studies
have rarely been used. One study (Trost et al., 2012) found an
association between low arousing musical emotions (i.e. peace-
fulness, tenderness, nostalgia) and hippocampal activity, but no
direct correlations were found between amygdala activity and
arousal evaluations. A recent study (Lehne et al., 2014) investigat-
ed musical tension in terms of expectations and predictions
induced by the temporal musical structure. Musical tension could
also be regarded as a form of arousal, as these expectations might
cause the suspense and curiosity of how the music will develop
over time. This study found an involvement of the amygdala in
moments of increasing tension compared to decreasing tension.
Changes in musical tension might also indicate a change in the
relevance of the music, and therefore the amygdala might interpret
these changes as significant events (Sander et al., 2003a).

More indirect evidence for brain processes in response to
emotional intensity of music comes from multimodal studies
(Baumgartner et al., 2006; Brattico et al., 2011; Eldar et al., 2007).
While the amygdala and the hippocampus seem to be inversely
related the level of chill intensity and thus the pleasantness of
music, multimodal studies found a positive relationship when
listening to music accompanied by visual stimulation (Dyck et al.,
2011). Amygdala activity, for example, was found in response to
sad music only when lyrics were added (Brattico et al., 2011). Both
the amygdala and the hippocampus are active when viewing
emotional pictures combined with music (Baumgartner et al.,
2006), when viewing neutral films combined with positive or
negative music (Eldar et al., 2007), or when listening to negative
emotional music with closed eyes, but not with open eyes (Lerner
et al., 2009). The latter finding might also point to the strength of
imagination, which might be increased when individuals have
their eyes closed. Similarly the amygdala and hippocampus are
involved when professional opera singers imagine themselves
singing (Kleber et al., 2007), which suggests that the TLS might to
be involved in the imagination of emotionally rich contexts, which
need the retrieval of memory associations.

The most classical multimodal condition however is given in
the case of instrumental music, which is accompanied by singing
voices. Although most of popular music contains voices and lyrics
this effect has only been investigated in a few studies. It could be
imagined that combining both, instrumental music and voices,
could yield an additive emotional effect and thus an increased
involvement of the TLS. Furthermore, studies on musical memories
have shown that the integration of lyrics and melodies involves the
TLS, notably the hippocampus (Alonso et al., 2014; Samson and
Zatorre, 1991). Comparing brain responses to instrumental music
and music with lyrics, has shown also a stronger recruitment of the
amygdala and the hippocampus when lyrics are present (Alluri
et al., 2013). This effect might be due to the increased emotional
intensity in music with lyrics. More explicitly, when presenting the
same songs with and without lyrics, the presence of lyrics seems to
involve the TLS more strongly in sad music but not in happy music.
This might be explained such that in happy music both music with
and without lyrics are equally arousing, whereas in sad music the
singing voice might provide additional emotional intensity and
thus increase the multimodal arousal effect Taken together, the
amygdala and the hippocampus are sensitive to the intensity of
musical emotions, but this effect was mostly shown in multimodal
studies.

6. Acoustic and structural features of vocal and musical
emotions

Emotions in voices and in music are encoded in specific acoustic
features, such as pitch, intensity, tempo, and in rhythm. Cells in the
amygdala have been shown to respond to basic auditory
stimulation, such as simple tones (Bordi and LeDoux, 1992). As
outlined above, the sensitivity of the amygdala, maybe of the TLS in
general, to emotional cues in voices and in music might result from
a specific sensitivity of the TLS to the specific acoustic features of
vocal and musical emotions.

6.1. TLS sensitivity to acoustic features of vocal emotions

Emotional compared with neutral vocal expressions comprise a
pattern of acoustic features, which make them clearly distinguish-
able from neutral expressions and help to distinguish between
different emotions (Banse and Scherer, 1996; Juslin and Laukka,
2003; Patel et al., 2011; Sauter et al., 2010). While expressions of
anger, fear, and happiness, for example, are accompanied by
increased vocal intensity including an enhanced intensity varia-
tion, expressions of sadness are usually accompanied by low
intensity. Similarly, angry, happy, and fearful voices show higher
levels of pitch as mainly determined by the F0 as well as pitch
variability compared to sad voices. Beside pitch and intensity many
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more features of the voice quality, such as pitch envelope (i.e. voice
melody), speech rate (i.e. tempo), harmonics-to-noise ratio (HNR),
jitter and shimmer are considerably increased in expressions of
emotions (Banse and Scherer, 1996; Juslin and Laukka, 2003; Patel
et al., 2011).

Only a few studies yet have tested the brain sensitivity to the
acoustic features of vocal emotions. An early study did not find any
sensitivity to the variation of the F0 as well as to the vowel length
of the stressed syllable on vocal emotions across the whole brain
(Wildgruber et al., 2002). A subsequent study reported that a
complex pattern of acoustic features, such as the mean and the
variation of both the F0 and the intensity, can influence signal
activity in the STG, but not in the amygdala and the hippocampus
(Wiethoff et al., 2008). However, a recent study found that the
amygdala is indeed sensitive to specific acoustic features especially
to the level and the variations of the F0 and the acoustical intensity
and mainly for angry voices (Frühholz et al., 2012; Frühholz and
Grandjean, 2013a). Similarly, activity in posterior hippocampus
correlates with the level and the variations in acoustical intensity
(Wiethoff et al., 2008). Thus, the amygdala and the hippocampus
are sensitive to acoustic features that are most relevant to decode
and distinguish vocal emotions.

6.2. TLS sensitivity to acoustic features of music

Similar to human voices, emotions in music are encoded in
specific acoustical features, which help the listener to decode the
emotional value of music (Coutinho and Dibben, 2013; Juslin and
Laukka, 2003). Compared to voices however, the relation between
acoustic features and emotions in music is more complex, because
cultural connotations play an important role in music perception.
Also powerful emotional reactions to music are usually experi-
enced at time scale of several seconds (Guhn et al., 2007), which is
beyond the temporal resolution of single acoustic features.
Nevertheless, some expressions of specific musical emotions can
be attributed to certain acoustical features. For example, the tempo
of the music is clearly associated with the arousal dimension,
whereas mode and dissonance are linked to the valence dimension
(Gabrielson and Juslin, 2003).

In music perception, dissonance is an acoustic feature that has
been repeatedly reported to have an impact on amygdala activity.
The degree of dissonance of the music is often used to modulate the
level of unpleasantness (Blood et al., 1999). Dissonance can be
described as the roughness of sound, which is generated by the
inharmoniousness of close frequencies (McDermott et al., 2010).
Several neuroimaging studies showed that both the amygdala and
the hippocampus are sensitive to the dissonance of music (Koelsch
et al., 2006; Pallesen et al., 2005; Wieser and Mazzola, 1986), and
that the amygdala is specifically relevant for the perception of
dissonant musical chords (Dellacherie et al., 2009). The PHG too
seems to be sensitive to dissonance (Blood et al., 1999; Gosselin
et al., 2006; Green et al., 2008).

The TLS has not been reported to play a dominant role in the
processing of musical sound intensity or timbre (Alluri et al., 2012).
Regarding the amygdala, this relative insensitivity to intensity is an
interesting finding, because for non-musical acoustic stimuli it is
well known that the amygdala, for example, responds to rising
intensities in alerting sounds (Bach et al., 2008b). Hence, musical
sound intensity seems not to have the same impact on the
amygdala compared to simple sounds. This might be explained by
the fact that music listening represents a safe context, and
therefore the alerting function of the amygdala might be reduced.
Another reason for the insensitivity of amygdala and the
hippocampus to basic acoustic features of music might be the
nature of music, which is a stimulus that develops in time.
Emotional responses to music might therefore depend on larger
time scale structural elements rather than on instantaneous
acoustical features. Meyer (1956) suggests that implicit expecta-
tions are induced during the time course of music listening and an
affective response is elicited when these expectations are either
met or violated based on the structural features of music.

6.3. TLS sensitivity to structural features of music

The structural features of music that seem to elicit the TLS are
syntactical violations or temporal variability, whose decoding
largely depends on the temporal context. The amygdala is sensitive
to harmonic violations (Koelsch et al., 2008), and both the
amygdala and the hippocampus are sensitive to harmonically
unexpected endings of cadences (James et al., 2008). Violations of
the temporal structure, such as expressively played music with
more temporal variability and slight deviations from the metro-
nomic metrical structure (Chapin et al., 2010) or the clarity of
musical pulses (Alluri et al., 2012), seem to elicit activity in the TLS.
Also jazz improvisations with temporal variability and unexpected
events elicit activity in the amygdala, whereas an opposite effect is
found in the hippocampus (Engel and Keller, 2011). This is in
accordance with a general sensitivity of the amygdala to temporal
unpredictability (Herry et al., 2007), which largely depends on the
temporal and situational context of sound processing. Together,
these findings suggest that both the amygdala and the hippocam-
pus are sensitive to structural elements of music, which partly
define its emotional character.

7. A neural framework for processing vocal and musical
emotions in the TLS

As an interim summary, the evidence discussed so far suggests
that both the amygdala and the hippocampus respond to vocal and
musical emotions. However there are considerable differences. For
vocal emotions both the amygdala and the hippocampus are
sensitive to negative and positive expressions. The amygdala, but
not the hippocampus, seems to respond to some acoustic features
of vocal emotions and might be sensitive to some types of
emotional intensity in vocal emotions.

Unlike for vocal emotions, the amygdala and the hippocampus
mainly decode negative and unpleasant emotions in music. Both
regions are predominantly sensitive to structural musical features,
and partly also to dissonance as an acoustic feature of unpleasant
music. Although the amygdala and the hippocampus are more active
when music listening is accompanied by additional sensory
information, direct evidence only suggests that they are sensitive
to rather low levels of emotional intensity, but of higher social
complexity.

Given the commonalities and differences in the neural processing
of emotions in voices and music in the TLS, we suggest a model based
on the differential use of four major processing loops and pathways
during the decoding of vocal and musical emotions (see Fig. 4). A first
loop between the auditory system and the TLS (see in Fig. 4) is
represented by the subcortical route (i.e. the direct route) that
connects the MGB, the amygdala, and the IC. This route is likely to
provide a fast and coarse evaluation of simple sounds, or of short but
meaningful sound segments. This evaluation is immediately fed
back to influence low-level sound processing in the IC. A cortical
route (i.e. indirect route; see in Fig. 4) feeds auditory signal
forward to the amygdala from higher-level auditory cortex (STC),
and probably also from AC. The indirect route sends simple and
especially more complex information of preprocessed sound
information to the amygdala. The amygdala is bidirectionally
connected to the hippocampus (see in Fig. 4). This connectivity
might subserve the retrieval of emotional associations resulting
from previous experiences with an emotional voice or music, might



Fig. 4. Functional model and loops for decoding emotional cues from voices and

from music. Any sound enters the human brain by the ascending auditory pathway

(blue, right panel). A first auditory system-TLS loop ( ) is represented by the

subcortical or direct route and which connects the MGB, the amygdala and the IC. A

cortical or indirect route ( ) feds auditory signal to the amygdala forward from

higher-level auditory cortex (STC), and probably also from AC. The amygdala is

bidirectionally connected to the hippocampus ( ). Finally, the hippocampus is

bidirectionally connected with the STC ( ). For abbreviations see Fig. 2.
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provide contextual information, and might be especially engaged
during for the evaluation of complex vocal and musical emotions.
Finally, the hippocampus is bidirectionally connected with the STC
(see in Fig. 4), and might influence high-level auditory processing
of sound information.

7.1. Functional pathways for the decoding of vocal emotions

We propose that each of these functional loops play a distinct
role in the neural decoding of vocal emotions. We suggest that the
first loop performs a coarse stimulus evaluation, and is important
for the fast evaluation of emotional cues in voices. Several lines of
evidence are consistent with this model. First, both voices of
negative and positive valence can activate the amygdala, and the
fast evaluation of vocal emotions of any valence is important for an
adaptive social behavior. Second, the amygdala is sensitive to
acoustic features of voices (Frühholz et al., 2012). This information
might be provided by the MGB, as suggested by studies reporting
thalamic activation in response to vocal emotions (Kreifelts et al.,
2010; Wildgruber et al., 2004), and some of these thalamic regions
in the posterior thalamus (Kreifelts et al., 2010) were located close
to the MGB. This findings indicate that decoding of emotional cues
from vocal emotions can already occur at the level of MGB
(Wildgruber et al., 2009). Third, vocal emotions drive amygdala
activity preferentially during implicit processing, which points to
the fact that emotional information is decoded by the amygdala
already at early stages of processing prior to cortical processing.
This allows the detection and processing of important emotional
information outside the current focus of attention (Bach et al.,
2008a; Grandjean et al., 2005; Wildgruber et al., 2009), or even
during sleep (Ising and Kruppa, 2004). Fourth, especially short
affective bursts of nonverbal vocal expressions seem to predomi-
nantly activate the amygdala (Fecteau et al., 2007; Morris et al.,
1999; Phillips et al., 1998; Sander et al., 2003b; Sander and Scheich,
2005), but less the hippocampus (Phillips et al., 1998; Szameitat
et al., 2010), and these short affect burst might already receive fast
decoding in the first subcortical loop.

Unlike short affect bursts, vocal cues superimposed on speech
have a broader time scale, similar to the modulation rate
sensitivity of the auditory cortical regions. They also need a
broader temporal integration for a proper recognition (Pell and
Kotz, 2011). Emotional prosody might therefore mainly be decoded
using the indirect route (i.e. the second loop), which is involved in
the decoding of more complex sounds. Furthermore, multimodal
integration of emotional voices accompanied by sensory informa-
tion in other modalities is accomplished in the STC (Kreifelts et al.,
2009) as well as the decoding of the arousal level of vocal emotions
(Ethofer et al., 2006c; Wiethoff et al., 2008). After preprocessing
and integration in the STC, vocal emotional cues might be fed
forward to the amygdala for further emotional decoding.
Interestingly, compared to nonverbal expressions emotional cues
superimposed on speech seem to more consistently activate the
hippocampus (Alba-Ferrara et al., 2011; Beaucousin et al., 2007;
Kotz et al., 2012; Mitchell et al., 2003; Rota et al., 2011; Sander
et al., 2005; Wiethoff et al., 2008). Also, more complex emotional
prosodies, such as expression of pride and guilt, activate the
hippocampus (Alba-Ferrara et al., 2011). Thus, in addition to the
predominant use of the second loop, acoustically and perceptually
more complex emotional prosody might also use the third loop
between the amygdala and the hippocampus. Hippocampal
activity might subserve the temporal integration of temporally
more complex prosodic information, and might provide important
contextual and memory associations. This might be the case also
for some types of short nonverbal vocal expression, such as
laughter. Taunt laughter, for example, is a highly socially and
contextually dependent type of laughter, and strongly activates the
hippocampus instead of the amygdala (Szameitat et al., 2010).

The importance of the fourth loop between the STC and the
hippocampus might be lesser for the immediate decoding of vocal
emotions. The forward connections between the STC and the
hippocampus might however be relevant for the memory related
encoding of episodic events, for example during the perception of
relevant vocal emotions expressed by certain or socially familiar
individuals (Nakamura et al., 2001) or in certain contexts
(Hasselmo and Eichenbaum, 2005). These memory associations
might influence the cortical processing of vocal utterances by
feedback connections from hippocampus to STC. Thus, prior
experience might influence future encounters with similar vocal
expressions or with the same individuals.

7.2. Functional pathways for the decoding of musical emotions

Like for vocal emotions, the TLS seems sensitive for negative, but
also for positive emotions expressed in music. Instead of single
musical features, the TLS is especially sensitive to structural features
of music (James et al., 2008; Koelsch et al., 2008) and to the temporal
variability as a mean of musical expressivity (Chapin et al., 2010;
Engel and Keller, 2011). The former usually show a relative late
modulatory effect in the TLS (James et al., 2008) beyond time
intervals of cortical processing (Koelsch and Friederici, 2003).
Compared to vocal expressions of emotions, both musical structure
and musical variability usually have a wider time range of temporal
integration and depend on expectations, which are usually created
at a cortical level (for example in the IFG, Lehne et al., 2014) based on
the context provided by prior musical events. Given these findings
and the fact that the amygdala seems to react preferably to short and
relevant events, we think that cortical loops involving the STC and
the hippocampus play a more important role in music processing
than the subcortical pathways. It has also been reported that signal
in the amygdala in response to music habituates more rapidly than
in the hippocampus (Mutschler et al., 2010). Moreover, in most of
the studies on musical emotions, both amygdala and hippocampus
are reported to be involved, which suggest a close connection and
supposedly an implication of an internal feedback loop between the
two structures.

However there might be some cases of music listening where
the first subcortical loop might be relevant. For example, when
music is used in conditioning paradigms, the amygdala is involved,
supposedly via the first loop (Polston et al., 2011). The amygdala
might especially respond to short and meaningful musical events
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with sudden onsets, extreme loudness, perceptual discomfort, or
unexpected musical changes. Conditioning paradigms partly use
sudden and uncomfortable sounds as an unconditioned stimulus
with considerable power to induce affective reactions (Buchel
et al., 1999). Music sometimes mimics these emotional properties
of simple sounds as a means of emotional expressions (Scherer,
1995), and through the first loop the amygdala might perform a
fast evaluation of these short, potentially meaningful, and
especially negative musical events.

Although the first loop might have some relevance for the
decoding of musical emotions, we think that the other loops
mainly involving the STC, the amygdala, and the hippocampus are
much more relevant during music listening. Specifically, the fast
evaluation of music is often not important, because music
listening usually represents a ‘‘safe’’ listening context, in which
no immediate threat is expected. Furthermore, music listening is
mostly a pleasant and often social leisure activity. Thus cortical
processing of music in the STC and functional loops with the
amygdala (the second loop) and the hippocampus (the fourth
loop) might have a predominant role in processing musical
emotions. Cortical processing of music in the STC is relevant,
because musical emotions are often described as esthetic
emotions, which require cognitive appraisal processes, and given
that music appreciation is a highly individual process (Zentner
et al., 2008). Also, affective reactions induced by music require
temporal integration into a percept represented at the cortical
level, because the musical structure represents an important
ingredient of musical emotions. The amygdala has also shown to
be sensitive to temporal unpredictability in music (Engel and
Keller, 2011). This processing involving unpredictability as well as
the detection of novel events might need longer temporal
integration windows and thus might be a functional role of the
second loop between the STC and the amygdala. Finally, amygdala
and hippocampus activity often depends on the multimodal
processing of music, such as when music is accompanied by
additional sensory information in another modality (Baumgart-
ner et al., 2006; Brattico et al., 2011; Dyck et al., 2011; Eldar et al.,
2007; Gosselin et al., 2011).

Besides the relevance of cortical processing of music, we think
that the hippocampus and loops involving the hippocampus (i.e.
the third and fourth loop) are important for processing musical
emotions. The hippocampus is involved in musical memory
evaluations (Pereira et al., 2011; Plailly et al., 2007; Trost et al.,
2012; Watanabe et al., 2008), and responds to musical emotions
characterized by low arousal and high complexity, such as
peacefulness or nostalgia (Trost et al., 2012), but also sadness
(Brattico et al., 2011; Mitterschiffthaler et al., 2007). Thus, the
hippocampus might be associated with musical memory retrieval,
which seems relevant for emotional reactions to music, especially
for more complex emotions, which involve episodic memory,
contextual, and cultural associations. Furthermore, the involve-
ment of the hippocampus might also be linked to the social
function of music (Immordino-Yang and Singh, 2013). Music is
regarded as a social activity that may foster communication,
cooperation, and coordination between people through its power
to synchronize behavior and minds (Hove and Risen, 2009;
Koelsch, 2010). Moreover, studies have shown that the feeling of
being in synchrony with a virtual tapping partner in a sensorimotor
synchronization task correlated with the BOLD activity in the
hippocampus (Fairhurst et al., 2012). Emotional processing of
musical emotions in the amygdala might therefore be strongly
linked, via the third loop, to memory associations provided by
hippocampal activity. This is consistent with the fact that many of
the (unimodal) studies on musical emotions find both amygdala
and hippocampus activity (Alluri et al., 2012; Blood and Zatorre,
2001; Chapin et al., 2010; Dellacherie et al., 2011; Dyck et al., 2011;
Engel and Keller, 2011; Gosselin et al., 2006; James et al., 2008;
Khalfa et al., 2008; Kleber et al., 2007; Koelsch et al., 2006; Lerner
et al., 2009; Mitterschiffthaler et al., 2007; Mutschler et al., 2010;
Pallesen et al., 2009; Pereira et al., 2011). Furthermore, the third
loop might be initiated either in the amygdala or in the
hippocampus such that not only the emotional evaluation may
trigger the retrieval of memory associations, but also memories
associated with a specific music may trigger specific emotional
reactions. It has been proposed that memory encoding for negative
memories might be enhanced and associated with an increased
recruitment of the TLS (Kensinger, 2007), This could corroborate
the notion that the TLS seems preferentially responsive to
unpleasant music and that emotion related memories might be
especially triggered during listening of music of negative and
unpleasant emotional valence. Negative musical emotions are
often induced by dissonant music, and both, the amygdala and the
hippocampus, as well as the PHG, as an important input relay to the
hippocampus are decoding dissonance in music (Blood et al., 1999;
Gosselin et al., 2006; Green et al., 2008). On the other hand, as
discussed above, there is accumulating evidence for an involve-
ment of the TLS also for pleasant music as well as for complex
emotions (Koelsch et al., 2013; Mueller et al., 2011; Salimpoor
et al., 2013; Trost et al., 2012). These findings suggest a more
sophisticated association between the TLS and musical emotions,
but more research is needed to disentangle the role of valence for
the TLS in the processing of musical emotions.

8. Conclusions

Vocal and musical expressions of emotions are powerful means
of signaling and expressing emotions. The TLS shows strong
reactivity to emotions expressed in voices and in music. The
amygdala and the hippocampus are central brain structures in the
limbic system and specifically in the TLS for the decoding of the
emotional value from incoming sensory information. Emotional
cues in voices and in music could be transferred to, exchanged with
and decoded by the TLS using several pathways and loops. We
reviewed the recent literature about the TLS sensitivity to vocal
and musical emotions, which indicates a common, but also
differential sensitivity of the amygdala and the hippocampus to the
valence, the intensity and acoustic and structural features of vocal
and musical emotions.

Given this differential encoding of vocal and musical emotions,
we proposed a differential functional use of four different
pathways connecting the auditory system and the TLS. Whereas
a subcortical and direct route to the amygdala might be
predominantly used for the decoding of short vocal affect burst,
but partly also for the decoding of rapid, salient, and meaningful
musical events, the cortical pathways connecting higher-level
auditory cortex to the amygdala and the hippocampus might be
equally used for the decoding of vocal and music emotions. The
hippocampus might support the decoding of complex vocal
emotions and might provide associations for the decoding of
contextually dependent vocal expressions. The decoding of
musical emotions might even more strongly depend on the
hippocampus, as well as on hippocampal connections to the
amygdala and to the auditory system. Processing esthetic
emotions expressed in music considerably depend on the temporal
context of music itself, but also on the social and cultural context.
The hippocampus might be strongly sensitive to these social and
contextual settings.

Taken together, our proposed network summarizes and points
out that musical emotions and vocal expressions have common
processing pathways for auditory processing, but that they are
partly distinct in terms of emotional processing in the TLS given the
differential nature of their communicational value.
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