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Abstract: The present study used pleasant and unpleasant music to evoke emotion and functional
magnetic resonance imaging (fMRI) to determine neural correlates of emotion processing. Unpleasant
(permanently dissonant) music contrasted with pleasant (consonant) music showed activations of amyg-
dala, hippocampus, parahippocampal gyrus, and temporal poles. These structures have previously been
implicated in the emotional processing of stimuli with (negative) emotional valence; the present data
show that a cerebral network comprising these structures can be activated during the perception of
auditory (musical) information. Pleasant (contrasted to unpleasant) music showed activations of the
inferior frontal gyrus (IFG, inferior Brodmann’s area (BA) 44, BA 45, and BA 46), the anterior superior
insula, the ventral striatum, Heschl’s gyrus, and the Rolandic operculum. IFG activations appear to reflect
processes of music—syntactic analysis and working memory operations. Activations of Rolandic opercular
areas possibly reflect the activation of mirror-function mechanisms during the perception of the pleasant
tunes. Rolandic operculum, anterior superior insula, and ventral striatum may form a motor-related
circuitry that serves the formation of (premotor) representations for vocal sound production during the
perception of pleasant auditory information. In all of the mentioned structures, except the hippocampus,
activations increased over time during the presentation of the musical stimuli, indicating that the effects
of emotion processing have temporal dynamics; the temporal dynamics of emotion have so far mainly

been neglected in the functional imaging literature. Hum Brain Mapp 27:239-250, 2006.
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INTRODUCTION

During the past 10 years the majority of imaging studies
on emotion have focused on the examination of emotions
with negative valence. In the course of this research a neural
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circuit underlying the processing of aversive stimuli has
been described in which the amygdala plays a crucial role:
Activity changes in the amygdala have been observed dur-
ing the detection [Adolphs et al., 1994, 1998; Scott et al., 1997]
and generation [Lane et al., 1997; Taylor et al., 1998; Zald
and Pardo, 1997, 2002] of fear-related, negative emotions.
The amygdala is involved in the emotional processing of
stimuli from multiple sensory modalities [Davis and
Whalen, 2001; Zald, 2003 ]. So far, amygdala responses have
been investigated with functional imaging studies mainly in
the visual modality using images of fearful facial expres-
sions [Breiter et al., 1996; Morris et al., 1996, 1998; Phillips et
al., 1997, 1998b; Whalen et al., 1998]. In the auditory modal-
ity, the amygdala has been shown to be involved in the
processing of affective nonverbal vocal expressions: Involve-
ment of the amygdala in the recognition of emotion has been



* Koelsch et al. ¢

suggested by functional imaging techniques using PET
[Morris et al., 1999] and fMRI [Phillips et al., 1998b; Sander
and Scheich, 2001], and case studies on patients with dam-
age to the amygdala suggest that the amygdala supports the
appraisal of auditory signals of danger [ Anderson and
Phelps, 1998; Scott et al., 1997 ]. With respect to music
processing, a recent lesion study reported impaired recog-
nition of fear in patients with amygdala resections [Gosselin
et al., 2005]; functional imaging studies with musical stimuli
have so far not reported activations of the amygdala.

The amygdala also plays a role in the processing of posi-
tive emotions [Davis and Whalen, 2001; Hamann et al., 1999;
Liberzon et al., 2003; Zald, 2003], and the amygdala is not the
only neural substrate essential to emotion but part of a
system that also involves other cerebral structures. The
structures implicated in emotion processing have been sug-
gested to include limbic (e.g., amygdala and hippocampus),
as well as paralimbic structures (e.g., insular and orbitofron-
tal cortex; for a review of the anatomical specification of
limbic and paralimbic structures see Mega et al. [1997]).
Limbic and paralimbic structures are involved in a number
of functions underlying the processing of a variety of emo-
tions [e.g., Baxter and Chiba, 1999; Calder et al., 2001; Dolan,
2002; Hamann and Canli, 2004; Mega et al., 1997; Phillips et
al., 2003; Robbins and Everitt, 1996; Rolls, 2004].

Although there has been progress in the research of cir-
cuits mediating emotions with negative valence, brain im-
aging studies investigating the neural correlates of positive
emotions are still rare [see Nitschke et al.,, 2004, for an
overview] (for imaging studies investigating recognition
and classification of positive emotional expressions see Phil-
lips et al. [1998a]; Morris et al. [1996]). The investigation of
the neural correlates of emotions with positive valence is
challenging, because in an experimental setting these emo-
tions are more difficult to evoke than negative emotions
(especially in experimental settings like those required when
applying functional imaging techniques such as PET or
fMRI).

In the present study we used musical stimuli to evoke
emotion because music has been shown to be capable of
inducing strong emotions with both positive and negative
emotional valence consistently across subjects [Krumhansl,
1997]. However, to date only a few imaging studies have
addressed the investigation of emotion with music. Using
PET, Blood et al. [1999] investigated the emotional dimen-
sion of pleasantness/unpleasantness with sequences of har-
monized melodies. The stimuli varied in their degree of
(permanent) dissonance, and were accordingly perceived as
less or more unpleasant (stimuli with highest permanent
dissonance were rated as the most unpleasant). Stimuli were
presented under computerized control without musical ex-
pression. This paradigm was not intended to induce the full
range of (pleasant) musical mood, yet it allowed examina-
tion of emotional processing with music while simulta-
neously excluding effects of musical preference on the per-
ception of the emotional valence of the stimuli. Increasing
unpleasantness of the stimuli correlated with activations of

the right parahippocampal gyrus and the precuneus, while
decreasing unpleasantness of the stimuli correlated with
activations of frontopolar, orbitofrontal, and subcallosal cin-
gulate cortex.

The present study takes a similar approach, using pleasant
and unpleasant musical stimuli to investigate emotion. In
contrast to Blood et al. [1999], the pleasant musical excerpts
were not computerized sounds but natural musical stimuli
(joyful, instrumental dance-tunes recorded from commer-
cially available CDs). Unpleasant stimuli were permanently
dissonant counterparts of the original musical excerpts. Per-
manently dissonant signals are usually perceived as more
unpleasant compared to mainly consonant signals [Blood et
al., 1999; Schellenberg and Trehub, 1994; Trainor and Hein-
miller, 1998; Van de Geer et al., 1962; Wedin, 1972; Zentner
and Kagan, 1998; these studies do not exclude that cultural
experiences can modify judgments about the pleasantness of
certain dissonances]. Note that, compared to the stimuli
used by Blood et al. [1999], the present stimuli were in-
tended to induce not only unpleasantness, but also pleas-
antness as a response to the joyful, naturalistic music.

A PET study by Brown et al. [2004] investigated activa-
tions elicited by unfamiliar pleasant music. Contrasted to a
rest condition, pleasant music activated limbic and paralim-
bic structures, including subcallosal cingulate cortex, ante-
rior insula, the posterior hippocampus, the superior tempo-
ral poles, and part of the ventral striatum (nucleus
accumbens). Similarly, another experiment by Blood and
Zatorre [2001] measured changes in regional cerebral blood
flow (rCBF) during “chills” when participants were pre-
sented with a piece of their own favorite music (as a control
condition, participants listened to the favorite piece of an-
other subject). Increasing chills intensity correlated with in-
creases in rCBF in brain regions thought to be involved in
reward and emotion, including the insula, orbitofrontal cor-
tex, and the ventral striatum. Decreases in rCBF (with in-
creasing chills intensity) were observed in the amygdala, the
hippocampus, and the ventral medial prefrontal cortex.
Compared to the paradigm used in the study from Blood
and Zatorre [2001], the present study has the advantage that
identical stimuli were used across subjects, enabling the
investigation of emotion independent of personal prefer-
ences of listeners. Moreover, in contrast to the studies from
both Blood and Zatorre [2001] and Brown et al. [2004], the
present study used pleasant as well as unpleasant music,
allowing investigation not only of the processing of stimuli
with positive but also with negative emotional valence in a
within-subjects design.

We hypothesized that participants perceive consonant
musical excerpts as pleasant, and permanently dissonant
excerpts as unpleasant. Because the amygdala has been im-
plicated in the processing of aversive stimuli, we expected
that unpleasant music elicits activity changes in the amyg-
dala. Based on the findings of the mentioned PET studies on
music processing [Blood et al., 1999; Blood and Zatorre,
2001; Brown et al., 2004], we also expected activity changes
in other limbic and paralimbic structures, namely, in the
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hippocampus, the ventral striatum, frontopolar, orbitofron-
tal, as well as subcallosal cingulate cortex in response to
pleasant music, and in the parahippocampal gyrus in re-
sponse to unpleasant music.

Another aim of the present study was to compare brain
activations elicited during early and later stages of the pro-
cessing of music with emotional valence. The investigation
of the temporal dynamics of emotion has so far been rather
neglected, and to our knowledge only one psycho—physio-
logical study has investigated this issue with music [Krum-
hansl, 1997]. In this study, several physiological measures
(including cardiac, vascular, electrodermal, and respiratory
functions) were recorded while listeners heard musical ex-
cerpts chosen to represent one of three emotions (sadness,
fear, and happiness). Significant correlations were found
between most of the recorded physiological responses and
time (measured in 1-s intervals from the beginning of the
presentation of each musical excerpt). The strongest physio-
logical effects for each emotion type generally tended to
increase over time, suggesting that the intensity of an emo-
tional experience may increase over time during the percep-
tion of a musical excerpt. Thus, differences in brain activa-
tions could be expected in the present study when
comparing activations elicited during the first half and dur-
ing the second half of the presentation of each musical
stimulus (each excerpt lasted ~1 min). We expected differ-
ences between both halves, especially for the pleasant ex-
cerpts, because tender positive emotions might require a
certain amount of time to unfold.

SUBJECTS AND METHODS
Participants

Eleven nonmusicians (five females; age range 2029 years,
mean 24.6 years) participated in the experiment after giving
written informed consent. All subjects were right-handed
[Oldfield, 1971] (handedness quotient >90 according to the
Edinburgh Handedness Inventory), and reported to have
normal hearing. None of the subjects had any special musi-
cal expertise or musical education; no subject had learned an
instrument or had had singing lessons.

Stimuli

Pleasant stimuli were eight excerpts of joyful instru-
mental dance-tunes from the last four centuries (all major-
minor tonal music), recorded from commercially available
CDs: A. Dvorék, Slavonic Dance No. 8 in G Minor (Op.
46); ].S. Bach, Badinerie (Overture No. 2, BWV 1067); J.S.
Bach, Bourrée (Overture No. 1, BWV 1066); J.S. Bach,
Rejouissance (BWV 1069); F. Canaro, La Punalada (CD-
ASIN: B00000DXZQ); J. Pastorius, Soul intro (“The
Chicken,” CD-ASIN: B0000C24JN); P.F. Caroubel, Volte
(CD-ASIN B0000247QD); Anonymous, Entree-Courante
(CD-ASIN B0000247QD).

Unpleasant stimuli were electronically manipulated coun-
terparts of the original tunes (stimuli were processed using

CoolEdit Pro software): For each pleasant stimulus, a new
soundfile was created in which the original (pleasant) ex-
cerpt was recorded simultaneously with two pitch-shifted
versions of the same excerpt, the pitch-shifted versions
being one tone above and a tritone below the original pitch
(samples of the stimuli are provided at http://www.stefan-
koelsch.de/Music_Emotion1).

Importantly, both pleasant and unpleasant versions of
an excerpt (original and electronically manipulated) had
the same dynamic outline, identical rhythmic structure,
and identical melodic contour, rendering it impossible
that simply the bottom-up processing of these stimulus
dimensions already contributes to brain activation pat-
terns when contrasting effects of pleasant and unpleasant
stimuli.

Procedure

Participants were presented at least 3 days prior to the
functional MRI study with the musical stimuli (i.e., with
both original and electronically manipulated versions) to
ensure that all participants were similarly familiar with the
stimulus material. In the fMRI experiment, pleasant and
unpleasant excerpts were presented alternately, duration of
excerpts was between 45 s and 60 s (mean duration 55 s). All
excerpts were presented twice during the functional mea-
surements to increase the signal-to-noise ratio. Each stimu-
lus began and ended with a signal tone (440 Hz, sine wave)
of 600 ms, and each excerpt was followed by an interval of
3 s in which no music was presented. Within this 3-s inter-
val, participants had to indicate how (un)pleasant they felt
by pressing response buttons according to a five-point-scale
(with =2 corresponding to very unpleasant, 0 neutral, and
+2 very pleasant). That is, subjects were asked to rate their
own emotional state [see also Krumhansl, 1997]; they were
not asked to make an assessment of the emotions expressed
by the music. Behavioral responses were averaged for the
consonant and dissonant excerpts separately for each sub-
ject. Then, pleasant and unpleasant ratings from all subjects
were compared with a two-tailed, one-sample ¢-test.

During the presentation of the music, participants were
instructed to listen carefully to the music and to tap the
meter of the music with their right index finger (for ex-
ample, during a musical piece with a metronome beat of
~90 beats per minute, participants tapped with their fin-
ger at an average rate of 1.5 Hz). This task allowed us to
control if participants paid attention not only to the con-
sonant but also to the dissonant stimuli. For each subject
and each excerpt, all intertap time intervals (i.e., time
intervals between two subsequent taps) were measured.
Subsequently, the variance of these intertap time intervals
was calculated separately for each excerpt. To investigate
if the subjects’ tapping performance was comparably ac-
curate for both pleasant and unpleasant excerpts, t-tests
were used to compare the variances between each pleas-
ant excerpt and its unpleasant counterpart at the group
level.
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fMRI
Scanning procedure

Inside the scanner, participants were acoustically shielded
by placing soundproofing material around the heads of
participants and by hearing protection placed over the head-
phones. Scanning was performed on a 3 T Bruker Medspec
30/100 spectrometer. Nine axial slices (19.2 cm field of view,
64 X 64 matrix, 5 mm thickness, 2 mm spacing), parallel to
the AC-PC plane (five slices above AC-PC), using a single
shot, gradient recalled EPI (TR 3000 ms) were continuously
acquired. The relatively long TR and the relatively low
number of slices were chosen to avoid a strong masking of
the music by the scanner noise. Two functional runs were
conducted in direct succession, each run comprising 360
acquisitions (resulting in a duration of 18 min for each run).
Each excerpt was presented once in each run. Each acquisi-
tion sampled over the nine slices. The first four acquisitions
of each functional run were excluded from data evaluation
to compensate for T,-saturation effects. Prior to the func-
tional sessions, two anatomical data sets (MDEFT, consisting
of 16 anatomical slices, and an EPI-T, image) were acquired.

fMRI data analysis

fMRI-data were processed using the software package
LIPSIA [Lohmann et al., 2001]. Functional data were cor-
rected for slicetime acquisition differences using sinc-inter-
polation. In addition, data were corrected for motion arti-
facts. A temporal highpass filter with a cutoff frequency of
1/132 Hz was used for baseline correction of the signal and
a spatial Gaussian filter with 5.6 mm FWHM was applied.

To align the functional data slices with a 3-D stereotactic
coordinate reference system, a rigid linear registration with
six degrees of freedom (three rotational, three translational)
was performed. The rotational and translational parameters
were acquired on the basis of the MDEFT and EPI-T1 slices
to achieve an optimal match between these slices and the
individual 3-D reference dataset. This 3-D reference dataset
was acquired for each subject during a previous scanning
session. The rotational and translational parameters were
subsequently transformed by linear scaling to a standard
size [Talairach and Tournoux, 1988]. The resulting parame-
ters were then used to transform the functional slices using
trilinear interpolation, so that the resulting functional slices
were aligned with the stereotactic coordinate system.

Statistical evaluation for each subject was based on a
least-squares estimation using the general linear model for
serially autocorrelated observations [Friston, 1994]. The de-
sign matrix was generated with a boxcar (square wave)
function, observation data and design matrix were con-
volved by a Gaussian kernel of dispersion of 4 s FWHM. The
output image contains the parameter estimation (beta-val-
ues) which are an estimation for the slope of the regression.
These images were evaluated for each subject using a linear
contrast. Pictures containing a signal tone were excluded
from data evaluation.

As noted before, each individual functional dataset was
aligned with the standard stereotactic reference space. A
second-level statistical analysis was performed consisting of
a one-sample {-test across the aligned contrast images of all
subjects. The t-test indicated whether observed differences
between the pleasant and the unpleasant condition were
significantly different from zero [Holmes and Friston, 1998].
Additionally, a smoothness estimation was performed
[Kiebel et al., 1999]. The resulting t-map was thresholded at
t = 4.14 (P < 0.001, one-tailed, uncorrected). The smoothness
estimation was used to describe the statistical parametric
t-map in terms of excursion sets. The corrected significance
of the results are based on cluster- and voxel-level inferences
using distributional approximations from the theory of
Gaussian fields [Worsley et al., 1996]. Clusters of activated
voxels were taken into account when the size of the cluster
comprised at least three voxels, and when the reported
activations were significant using a threshold corresponding
to P < 0.05 (corrected for multiple comparisons) at the
cluster level [Worsley et al., 1996].

Both t-maps and region of interest (ROI) values were first
calculated modeling each excerpt as one block. To investi-
gate differences in activation between the first and the sec-
ond half of each excerpt (see Introduction), each excerpt was
then modeled as consisting of two blocks: the first block was
modeled for the first half of each excerpt (second 1-30), and
the second block was modeled for the second half of each
excerpt (second 31 to the end of each excerpt). The t-maps
and ROI values were then computed separately for each
block.

ROl-analysis

To test lateralization of activations, as well as differences
in activations between blocks, analyses for ROIs were per-
formed for structures mentioned in the hypotheses (amyg-
dala, hippocampus, parahippocampal gyrus, and ventral
striatum). Moreover, analogous ROI analyses were per-
formed for all other structures that were significantly acti-
vated in the t-maps corrected for multiple comparisons. In
each participant, individual ROIs were defined as single
voxels (3 X 3 X 3 mm) according to each subjects” individual
brain anatomy. The definition of ROI coordinates for each
subject individually accounts for intersubject anatomical dif-
ferences that can deteriorate group statistical data, especially
when examining activations of small subcortical structures.
The exact locations of the individual ROIs were established
as follows. The maximum voxel of activation in the t-map of
a group contrast (e.g., unpleasant > pleasant, computed for
entire excerpts) was located for each brain structure. Within
a search radius of 6 mm from these maxima (and within the
anatomical boundaries of the ROI in each subject), the coor-
dinates for the individual ROIs were defined as the maxi-
mum voxel of activation in the individual contrasts. For
statistical comparisons, ROI-values were analyzed for each
structure and its contralateral homotope (e.g., left and right
amygdala) using ANOVAs with factors condition (pleasant,
unpleasant), block (first, second), and hemisphere.
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RESULTS

Behaviorally, subjects rated the original (mainly conso-
nant) stimuli as pleasant, and the manipulated (permanently
dissonant) stimuli as unpleasant. The average rating for the
consonant stimuli was +1.1 (on a 5-point scale ranging from
-2 to +2), for the dissonant stimuli —0.6, the difference
between ratings being significant (P < 0.001, two-tailed ¢-
test). Both stimulus categories (pleasant and unpleasant)
were rated significantly different from zero (corresponding
to emotionally neutral; P < 0.0001 in each test). Participants
showed comparable accuracy in tapping performance for
both pleasant and unpleasant excerpts: None of the t-tests
used to compare the variances between each pleasant ex-
cerpt and its unpleasant counterpart at the group level (see
Subjects and Methods) yielded a significant difference be-
tween pleasant and unpleasant excerpts. This indicates that
participants performed the tapping task in a comparable
manner during both pleasant and unpleasant excerpts, and
that, thus, participants not only paid attention to the pleas-
ant but also to the unpleasant excerpts.

In the fMRI data, the t-maps of entire excerpts (corrected
for multiple comparisons, see Subjects and Methods)
showed significant activations during the presentation of
unpleasant music (contrasted to pleasant music, unpleasant
> pleasant) in the left hippocampus, the left parahippocam-
pal gyrus, and the right temporal pole (Fig. 1A, Table I).
When analyzing corrected f-maps of the first and second
block separately (guided by our hypotheses), an additional
activation was indicated for the (left) amygdala in the sec-
ond block (Fig. 1B, Table I). In all mentioned structures,
activity changes were not only due to an increase of the
fMRI signal during the presentation of the unpleasant mu-
sic, but also due to signal decreases during the presentation
of the pleasant music (Fig. 3).

The ROI analysis indicates that activations of amygdala,
parahippocampal gyrus, and temporal poles were signifi-
cantly stronger during the second block (Table II); no differ-
ence between blocks was noted for the hippocampus. When
analyzing the ROI values of amygdala, parahippocampal
gyrus, and temporal poles separately for each block, all
mentioned structures were activated during both blocks,
although activations of the amygdala were only marginally
significant during the first block (P < 0.06). It appears that
activations of amygdala, hippocampus, and parahippocam-
pal gyrus were stronger in the left hemisphere, and the
activation of the temporal pole stronger in the right hemi-
sphere, but these observations were not statistically con-
firmed by the ROI analyses (ANOVAs computed with fac-
tors condition and hemisphere did not yield any two-way
interaction).

Figure 2A shows the fMRI data of the opposite contrast
(pleasant > unpleasant, entire excerpts). The corrected t-maps
indicate activations of Heschl’s gyrus, the anterior superior
insula, and the left inferior frontal gyrus (IFG, BA 45, 46; see
also Table I). When analyzing corrected f-maps of the first
and second block separately, additional activations were
observed during the second block in the Rolandic opercu-

Unpleasant > Pleasant

hippocampus —
parahipp. gyrus

x=-28

amygdala

y=-4 2 7 I— 55

Figure 1.
Activations elicited during the presentation of unpleasant (con-
trasted to pleasant) music (t-maps), separately for entire excerpts
(A\), and for the second block of excerpts only (B, see Subjects and
Methods for details). The t-maps were thresholded using an error
probability of P = 0.001 (corrected for multiple comparisons).
Unpleasant music activated the hippocampus, the parahippocampal
gyrus, the temporal poles, and the amygdala.

lum (BA 43, extending into the precentral sulcus), and the
inferior portion of the (right) frontal operculum (inferior
pars opercularis, BA 44i; Fig. 2B,C, Table I).

ROI analyses performed for these structures, as well as for
the ventral striatum (guided by our hypothesis), indicated
significant activations for all structures (Table II). Moreover,
all structures were activated significantly more strongly dur-
ing the second block. When analyzing the ROI values sepa-
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TABLE I. Activations as indicated by the t-maps (corrected for multiple
comparisons)

Left hemisphere Right hemisphere
Anatomical structure Coordinate t-value ~ mm® Coordinate t-value ~ mm®
Both blocks
Unpleasant > Pleasant
Hippocampus —28, —14, —14 6.9 135 25, —14, —14 31 27
Parahippocampal g. —-25, =26, —11 5.7 135 22, —26, —13 3.8 27
Temporal pole -37,12, =20 3.9 243 37,9, =23 4.2 27
Pleasant > Unpleasant
Heschl’s g. —37, =26, 14 4.9 81 46, —17, 11 4.6 81
IFG (BA45/46) -37,30,7 4.8 270 37,30,7 —
Ant. sup. insula —29,18, 8 4.5 135 34,21,5 3.4 54
Second block only
Unpleasant > Pleasant
Amygdala -19, =5, —14 4.7 54 15, =5, =17 3.3 54
Pleasant > Unpleasant
Rolandic op. (BA43) —49, —4,8 6.2 324 49,0, 11 3.2 183
IFG (BA44i) -52,9,2 35 27 49,3, 8 5.1 27
Ventral striatum -10, 6, —8 4.1 54 10, 6, —4 5.1 81

Values in bold indicate t-values and size of activations (in mm?) obtained with a threshold of t = 4.14
(corresponding to P-values smaller than 0.001); plain type values were obtained with a threshold of

t = 3.17 (corresponding to a P-value of 0.005).
IFG, inferior frontal gyrus.

rately for the first and second block, all structures except the
ventral striatum and the pars opercularis were significantly
activated during both halves of the musical excerpts; the
activation of the ventral striatum was only marginally sig-
nificant during the first block (P < 0.06), and no activation of
the pars opercularis (BA 44i) was indicated for the first
block. No significant lateralizations were found for any
structure except the anterior IFG (BA 45/46; Table 1II).

It was also hypothesized that pleasant (contrasted to un-
pleasant) music activates (medial) orbitofrontal, and subcal-

TABLE Il. Results of ROI analyses

Anatomical structure Condition Cond. X Block
Unpleasant > Pleasant
Amygdala 0.002 0.0005
Hippocampus 0.0005 .
Parahippocampal g. 0.005 0.0001
Temporal pole 0.0001 0.002
Unpleasant > Pleasant
Heschl’s g. 0.002 0.0001
IFG (BA45/46) 0.0017 0.0001
IFG (BA44i) 0.01 0.0001
Ant. sup. insula 0.001 0.0002
Rolandic op. (BA43) 0.001 0.0001
Ventral striatum 0.005 0.001

Values are expressed as P.

? Interaction Condition X Hemisphere: P > 0.05.

For each anatomical structure, ROI values were compared at the
group level using ANOVAs with factors condition (pleasant, un-
pleasant), block (first, second), and hemisphere.

IFG, inferior frontal gyrus.

losal cingulate cortex, but no data could be obtained from
these structures because of fMRI-related susceptibility arti-
facts. To investigate if the arousal [Russell, 1980] elicited by
the musical excerpts differs between pleasant and unpleas-
ant excerpts, a different group of subjects (n = 20) was
investigated behaviorally using a very similar experimental
protocol, except that participants were asked to rate both the
valence and the arousal of the stimuli (reminiscent of pre-
vious studies, e.g., Bradley and Lang [1994]). Whereas pleas-
ant and unpleasant ratings clearly differed from each other
(P < 0.0001), no difference in arousal ratings was indicated.
This suggests that differences in the fMRI activations are due
to differences in emotional valence, and not due to differ-
ences in arousal.

DISCUSSION

The behavioral data indicate that participants perceived
the original excerpts as pleasant and their electronically
manipulated (permanently dissonant) counterparts as un-
pleasant, showing that the stimuli used in the present study
are capable of inducing pleasant and unpleasant emotion.

During the presentation of unpleasant music, the amyg-
dala, the hippocampus, the parahippocampal gyri, and the
temporal poles were activated. The activation of the amyg-
dala is in line with studies showing that stimuli with nega-
tive emotional valence induce activity changes in this struc-
ture (see Introduction). However, so far the majority of
studies investigated the role of the amygdala for emotion
processing in the visual domain, and few studies have
shown involvement of the amygdala in the auditory recog-
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Pleasant > Unpleasant

Heschl's

Heschl's

x=49

ant. insula
x=-37

BA 45/46
y=33

insula
y=15

Heschl's gyrus
y==21

Rol. operc.
y=0

Figure 2.

Activations elicited during the presentation of pleasant (contrasted
to unpleasant) music (t-maps), separately for entire excerpts (A),
and for the second block of excerpts only (B,C). The t-maps were
thresholded using an error probability of P = 0.001 (corrected for

nition of emotion [Morris et al., 1999; Phillips et al., 1998b;
Sander and Scheich, 2001; Scott et al., 1997; these studies
report involvement of the amygdala in the emotional pro-
cessing of nonverbal vocal expressions]. The present data
demonstrate that activity changes in the amygdala can also
be observed in response to unpleasant musical information,

multiple comparisons). Pleasant music activated Heschl’s gyri, the
IFG (BA 45 and 46), as well as the left anterior superior insula
during both halves, and additionally Rolandic and frontal opercular
areas (inferior BA 44) during the second block.

corresponding to a study reporting impaired recognition of
scary music in patients with resections of the amygdala
[Gosselin et al., 2005]. Note that strong deactivations were
observed in the amygdala in response to the pleasant stimuli
(as well as in the hippocampus, the parahippocampal gyrus,
and the temporal poles), supporting the notion that activity
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diagram ROI analysis
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Figure 3.

Percent signal change of trial-averaged fMRI signals within the
structures reported in Tables | and Il; fMRI signals were computed
for the voxels used for the ROI analyses (see Subjects and Meth-
ods), and averaged for all four conditions (first and second block
of pleasant and unpleasant stimuli). AL/AR: left/right amygdala,

changes within the amygdala are not only related to un-
pleasant, but also to pleasant emotion [see also Davis and
Whalen, 2001; Zald, 2003]. With respect to music processing,
Blood and Zatorre [2001] also reported deactivations of the
amygdala (and of the hippocampus) in response to pleasant
stimuli. Thus, the combined findings of the present and the
mentioned previous studies on music and emotion [Blood
and Zatorre, 2001; Gosselin et al., 2005] indicate that the
amygdala plays a role for the processing of complex, mean-
ingful auditory information with both negative and positive
emotional valence.

The hippocampus is densely interconnected with the amyg-
dala, and has previously been implicated in emotional pro-
cessing [for the relevance of the hippocampus with respect
to memory functions see, e.g., Greicius et al., 2003]: The
hippocampus has been reported to be activated by audio-
genic stressors, and to be sensitive to other emotional stres-
sors [Bremner, 1999; Campeau and Watson, 1997; Lopez et
al., 1999; Phillips et al., 2003]. It has been suggested that the
hippocampus is involved in facilitation and inhibition of
defensive behavior, as well as anxiety in response to threat-
ening stimuli [Phillips et al., 2003]. Moreover, the hippocam-
pus is assumed to be involved in affective state regulation,
attentional systems, and motivation [Mega et al., 1997; Phil-
lips et al., 2003]. Using PET, Brown et al. [2004] reported an
activation of the hippocampus during listening to pleasant
music (contrasted to a rest condition), although the activa-
tion focus reported by that study was located more posteri-
orly than the activation observed in the present study. The
factors that account for the differences between the present

PL/PR: left/right parahippocampal gyrus, TL/TR: left/right temporal
pole, VSL/VSR: left/right ventral striatum, HIL/HIR: left/right hip-
pocampus, HL/HR: left/right gyrus of Heschl, IL/IR: left/right insula,
RL/RR: left/right Rolandic operculum.

study and the study from Brown et al. [2004] remain to be
specified.

The parahippocampal gyrus is also densely interconnected
with the amygdala, and has previously been implicated in
emotion processing. The activation focus of the parahip-
pocampal gyrus observed in the present study replicates
findings of the study from Blood et al. [1999] in which
unpleasant (permanently dissonant) music also activated
this structure (note the high consistency of coordinates be-
tween studies; for a similar, although more dorsal activation
of the parahippocampal gyrus during the perception of
aversive pictures see Lane et al. [1997]). Likewise, the tem-
poral poles are interconnected with the amygdala through
monosynaptic connections [Amaral and Price, 1984], and
have been reported to be involved in the processing of
acoustic stimuli with negative emotional valence [Zald and
Pardo, 2002]. A study from Brown et al. [2004] reported
activations of the right superior temporal pole (BA 38/22)
during listening to pleasant music, but that activation was
more superior than the activation observed in the present
study (near, and partly within the planum polare), and
possibly associated with the cognitive processing of the
musical structure. Both parahippocampal gyrus and tempo-
ral poles receive input from auditory association areas
[Amaral and Price, 1984; Suzuki and Amaral, 1994], and it
appears that the aspect of the parahippocampal gyrus acti-
vated in the present study and in the study from Blood et al.
[1999], as well as the temporal poles, are part of a paralimbic
circuit that is involved in the processing of complex auditory
information with emotional valence.
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It cannot be excluded that the BOLD responses observed
in the contrast unpleasant > pleasant originate from inhibi-
tory rather than from excitatory synaptic processes [Buxton,
2002] and that, thus, the unpleasant stimuli inhibited emo-
tional activity in limbic regions (compared to activity as
present during a positive emotional state) rather than acti-
vating excitatory processes in those regions. With respect to
this, it is interesting to note that the hippocampus is pre-
sumably one of the most sensitive cerebral structures be-
cause it appears to be the only brain structure that can be
damaged by traumatizing stressors (such as strong violence,
e.g., Bremner [1999]). Thus, inhibition of neural pathways
projecting to the hippocampus during the perception of
unpleasant stimuli could represent a neural mechanism that
serves the prevention from potential damage of hippocam-
pal neurons.

In summary, clear activity changes were measured in
limbic and paralimbic structures (amygdala, hippocampus,
parahippocampal gyrus, and temporal poles) that have pre-
viously been implicated in emotion processing. The present
results indicate that a cerebral network comprising these
structures can be activated by the emotional processing of
auditory (musical) stimuli.

During the presentation of pleasant (contrasted to un-
pleasant) music, the Rolandic operculum (BA 43) was acti-
vated in both hemispheres (especially during the second half
of the musical excerpts, where the P-values computed for
the ROIs were significantly higher than during the first half).
It is highly likely that the portion of the Rolandic operculum
activated in the present study contains the representation of
the larynx (and the pharynx). The larynx is a vocal tract
articulator which produces (as an effector) melody, rhythm,
and emotional modulation of the vocal timbre during vocal
communication. Functional imaging data on the exact local-
ization of the (sensorimotor) representation of the larynx are
not yet available. However, it is known that both sensory
and motor cortices are somatotopically organized [Naka-
mura et al., 1998; Penfield and Rasmussen, 1952], with the
representation of the larynx being ventral to the representa-
tion of tongue, lower lip, and upper lip. The focus within the
Rolandic operculum activated in the present study (axial
plane through z = 8) is ventral to foci reported for tongue
movements [Pardo et al., 1997, z = 20], swallowing [Hamdy
et al., 1999, z = 24], and gustatory perception [Zald and
Pardo, 2000, z = 22].

Neural circuits comprising Rolandic opercular areas have
been described in some functional imaging studies on both
overt and covert singing [Jeffries et al., 2003; Riecker et al.,
2000; Wildgruber et al., 1996 |. It is highly unlikely that the
activation of the Rolandic operculum observed in the
present study was due to overt singing, because participants
were strictly instructed not to vocalize or to move during the
experiment; when asked after the experiment, all partici-
pants assured that they carefully kept to this instruction. As
an additional control, the same experimental protocol was
conducted with a different group of subjects while recording

the EMG of the larynx. In that experiment no motor activity
of the larynx was observed in the EMG data.

The present data suggest that subjects coded vocal sound
production (without actual movement) while they perceived
the pleasant musical signals. This phenomenon is reminis-
cent of mechanisms of observation—execution matching that
have so far mainly been investigated in the visual domain
[see Rizzolatti and Craighero, 2004, for an overview]. In the
auditory domain, mirror neurons that discharge in response
to the sound of actions have been observed in monkeys
[Kohler et al., 2002]; for humans, a recent study from Tetta-
manti et al. [2005] showed that merely listening to action-
related sentences can activate mirror-function mechanisms.
The present results suggest that the perception of (pleasant)
musical information activated an auditory perception—ex-
ecution matching system that includes representations of
vocal sound production. This interpretation is supported by
a recent study reporting activation of the Rolandic opercu-
lum during the processing of intonation contour while lis-
tening to spoken sentences [Meyer et al., 2004], suggesting
that premotor programs for the production of prosodic sig-
nals (such as speech melody) are already formed when
perceiving prosodic signals produced by other individuals.

The activation of the Rolandic operculum was observed
during the perception of the pleasant but not of the unpleas-
ant musical information, presumably due to the appetitive
quality of the pleasant excerpts (the unpleasant excerpts
rather evoked avoidance behavior). It is also possible that
the dissonant stimuli were simply more difficult to vocalize
than the consonant ones because of the simultaneous pre-
sentation of the two pitch-shifted versions together with the
original excerpt.

However, a study from Indefrey et al. [2001] reported an
activation of the Rolandic operculum related to the structur-
ing of individual words into phrases and sentences during
the perception of spoken sentences. Thus, it cannot be ex-
cluded that the activation of the Rolandic operculum in the
present study is also related to the processing of music-
syntactic information (due to the positive emotional valence
of the pleasant excerpts, it is likely that participants ana-
lyzed the structure of the pleasant, but not of the unpleasant
excerpts). Previous imaging studies indicate that music—
syntactic processing involves the frontal operculum, espe-
cially inferior BA 44 [Janata et al., 2002a; Koelsch, 2005;
Koelsch et al., 2005, 2002; Maess et al., 2001; Tillmann et al.,
2003], which was also activated in the present study; the
Rolandic operculum was not activated in those studies.
However, in the mentioned studies stimuli were played
without musical expression, and it is possible that the Ro-
landic operculum comes into play during the processing of
naturalistic musical stimuli. This issue remains to be speci-
fied.

The music-syntactic analysis most likely also required
working memory resources. The activation of these re-
sources appears to be reflected in the activation of BA 45/46
[see also Koelsch et al., 2005; Janata et al., 2002b].
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The activation of the anterior superior insula is presum-
ably related to the activation of the Rolandic operculum.
This interpretation is based on previous studies showing
that both overt and covert singing activates neural circuits
involving the insular cortex and the Rolandic operculum
[Jeffries et al., 2003; Riecker et al., 2000; Wildgruber et al.,
1996]. The superior insula has been considered a motor
association area [Augustine, 1996], and particularly the left
anterior superior insula has been suggested to support ar-
ticulatory planning [Dronkers, 1996] and the coordination of
vocal tract innervation [see Ackermann and Riecker, 2004,
for a review]. It is assumed that this area supports the
automatic coordination of the activity of the muscles en-
gaged in articulation by elaborating temporospatial inner-
vation patterns of vocal tract musculature during verbal
utterances.

It has been reported that this activity is eventually depen-
dent on emotional demands [Ackermann and Riecker, 2004],
and the widespread interconnections with both premotor
cortex and limbic structures render it likely that the anterior
superior insula plays a role in the activation of the Rolandic
operculum during the emotional perception of the musical
stimuli.

The ventral striatum has previously been implicated in the
processing of stimuli with positive emotional valence [Blood
and Zatorre, 2001; Brown et al., 2004; Delgado et al., 2000]. It
has been proposed that the motivational effects of emotion-
ally significant stimuli are mediated in part by the ventral
striatum (specifically, the nucleus accumbens, NAc). The
NAc receives input from limbic structures (including the
amygdala and the hippocampus), and projects to structures
known to be involved in behavioral expression. Therefore,
the NAc has been suggested to represent a “limbic—-motor
interface” [Cardinal et al., 2002]. With regard to this, it is
likely that in the present study a motor-related circuitry
(comprising the ventral striatum, the insular cortex, the Ro-
landic, and possibly the frontal operculum) was activated,
which served the formation of premotor representations for
vocal sound production during the perception of the pleas-
ant musical excerpts (activations of NAc, insular, and Ro-
landic cortex have also been reported in a previous study
during the singing of melodies [Jeffries et al., 2003]).

Due to the positive emotional valence of the pleasant
excerpts, the activation of the primary auditory cortices
during the presentation of the pleasant music was presum-
ably modulated by (top-down) attentional processes (the
increased attention leading to a greater activation of
Heschl'’s gyri [Jancke et al., 1999]). Note that acoustic rough-
ness is decoded at least at the level of the primary auditory
cortex [Fishman et al., 2001], most presumably at even lower
levels. Thus, it is likely that the negative emotional valence
of permanently dissonant auditory signals can be detected
even without the contribution of the mentioned cortical
structures in the frontal and Rolandic operculum. This view
is supported by a lesion study that used experimental stim-
uli reminiscent of those used in the present study [Peretz et
al., 2001]. In that study a patient with bilateral damage to the

auditory cortex was found to be unable to distinguish con-
sonant from dissonant musical excerpts.

Interestingly, activations of all structures, except the hip-
pocampus, were stronger during the second block of the
musical excerpts, presumably because the intensity of listen-
ers’ emotional experiences increased during the perception
of both the pleasant and the unpleasant musical excerpts.
This finding corroborates the notion that emotion processing
has temporal dynamics [Krumhansl, 1997], especially when
listening to music which unfolds over time [see also Blood
and Zatorre, 2001; in that study musical stimuli selected to
evoke chills had a duration of 90 s]. This temporal dynamics
is potentially relevant for an appropriate description of the
neurophysiological correlates of emotion. However, further
investigations are necessary before the temporal dynamics
of emotion processing can be described in more detail.

CONCLUSION

In the present study, activations during the perception of
unpleasant music were observed within an extensive neu-
ronal network of limbic and paralimbic structures compris-
ing the amygdala, hippocampus, parahippocampal gyrus,
and temporal poles. Although clear increases of BOLD sig-
nals were observed in those structures in response to un-
pleasant music, strong signal decreases were also measured
in response to pleasant music. This indicates that these
structures respond to both pleasant and unpleasant auditory
information with emotional valence, and that listening to
music has the capacity to up- as well as down-regulate
neuronal activity in these structures.

During the presentation of the pleasant music, activations
were observed in the ventral striatum, the anterior superior
insula, and in the Rolandic operculum. The activity within
the Rolandic operculum is suggested to reflect mechanisms
of perception-execution matching during the perception of
vocalizable auditory (musical) information. Rolandic oper-
culum, anterior superior insula, and ventral striatum possi-
bly form a motor-related circuitry that serves the formation
of premotor representations for vocal sound production
during the perception of pleasant auditory information.

Finally, the present pleasant/unpleasant paradigm al-
lowed us to play the same musical stimulus to all partici-
pants, i.e., stimuli were not chosen separately for each sub-
ject (according to each subjects” musical taste). Thus, the
present study introduces music as a novel tool to generally
investigate neural substrates of pleasant and unpleasant
human emotion with fMRI, independent of listeners’ per-
sonal preferences. This provides the possibility to use the
experimental paradigm in future research with different
groups of subjects such as children, patients, and subjects
with different cultural backgrounds.

ACKNOWLEDGMENTS

The project is part of the Research Group FOR 499 of the
German Research Foundation “Acoustic communication of
emotions in nonhuman mammals and man: production, per-

* 248 o



¢ Investigating Emotion With Music ¢

ception and neural processing.” We thank W. A. Siebel for
help in selecting the stimuli.

REFERENCES

Ackermann H, Riecker A (2004): The contribution of the insula to
motor aspects of speech production: a review and a hypothesis.
Brain Lang 89:320-328.

Adolphs R, Tranel D, Damasio H, Damasio A (1994): Impaired
recognition of emotion in facial expressions following bilateral
damage to the human amygdala. Nature 372:669-672.

Adolphs R, Tranel D, Damasio A (1998): The human amygdala in
social judgement. Nature 393:470-474.

Amaral D, Price ] (1984): Amygdalo-cortical projections in the mon-
key (Macaca fascicularis). ] Comp Neurol 230:465-496.

Anderson AK, Phelps EA (1998): Intact recognition of vocal expres-
sions of fear following bilateral lesions of the human amygdala.
Neuroreport 9:3607-3613.

Augustine JR (1996): Circuitry and functional aspects of the insular
lobe in primates including humans. Brain Res Rev 22:229-244.

Baxter M, Chiba A (1999): Cognitive functions of the basal forebrain.
Curr Opin Neurobiol 9:178-183.

Blood A, Zatorre R] (2001): Intensely pleasurable responses to music
correlate with activity in brain regions implicated in reward and
emotion. Proc Natl Acad Sci U S A 98:11818-11823.

Blood AJ, Zatorre R, Bermudez P, Evans AC (1999): Emotional
responses to pleasant and unpleasant music correlate with ac-
tivity in paralimbic brain regions. Nat Neurosci 2:382-387.

Bradley M, Lang P (1994): Measuring emotion: the self-assessment
manikin and the semantic differential. ] Behav Ther Exp Psychi-
atry 25:49-59.

Breiter H, Etcoff N, Whalen P, Kenedy W, Rauch S, Buckner R,
Strauss M, Hyman S, Rosen B (1996): Response and habituation
of the human amygdala during visual processing of facial ex-
pression. Neuron 17:875-887.

Bremner ] (1999): Does stress damage the brain? Biol Psychiatry
45:797-805.

Brown S, Martinez M, Parsons L (2004): Passive music listening
spontaneously engages limbic and paralimbic systems. Neuro-
report 15:2033-2037.

Buxton RB (2002): An introduction to functional magnetic resonance
imaging: principles and techniques. Cambridge, UK: Cambridge
University Press.

Calder A, Lawrence A, Young A (2001): Neuropsychology of fear
and loathing. Nat Rev Neurosci 2:352-363.

Campeau S, Watson S (1997): Neuroendocrine and behavioral re-
sponses and brain pattern of c-fos induction associated with
audiogenic stress. ] Neuroendocrinol 9:577-588.

Cardinal RN, Parkinson JA, Hall J, Everitt B] (2002): Emotion and
motivation: the role of the amygdala, ventral striatum, and pre-
frontal cortex. Neurosci Biobehav Rev 26:321-352.

Davis M, Whalen PJ (2001): The amygdala: vigilance and emotion.
Mol Psychiatry 6:13-34.

Delgado M, Nystrom L, Fissell C, Noll C, Fiez J (2000): Tracking the
hemodynamic responses to reward and punishment in the stri-
atum. ] Neurophysiol 84:3072-3077.

Dolan RJ (2002): Emotion, cognition, and behavior. Science 298:
1191-1194.

Dronkers N (1996): A new brain region for coordinating speech
articulation. Nature 384:159-161.

Fishman Y, Volkov I, Noh M, Garell P, Bakken H, Arezzo J, Howard
M, Steinschneider M (2001): Consonance and dissonance of mu-

sical chords: neural correlates in auditory cortex of monkeys and
humans. ] Neurophysiol 86:2761-2788.

Friston K (1994): Statistical parametric maps in functional imaging:
a general linear approach. Hum Brain Mapp 2:189-210.

Gosselin N, Peretz I, Noulhiane M, Hasboun D, Beckett C, Baulac M,
Samson S (2005): Impaired recognition of scary music following
unilateral temporal lobe excision. Brain 128:628-640.

Greicius M, Krasnow B, Boyett-Anderson ], Eliez S, Schatzberg A,
Reiss A, Menon V (2003): Regional analysis of hippocampal
activation during memory encoding and retrieval: fMRI study.
Hippocampus 13:164-174.

Hamann S, Canli T (2004): Individual differences in emotion pro-
cessing. Curr Opin Neurobiol 14:233-238.

Hamann S, Ely T, Grafton S, Kilts C (1999): Amygdala activity
related to enhanced memory for pleasant and aversive stimuli.
Nat Neurosci 2:289-293.

Hamdy S, Mikulis D, Crawley A, Xue S, Lau H, Henry S, Diamant
N (1999): Cortical activation during human volitional swallow-
ing: an event-related fMRI study. Am ] Physiol 277:219-225.

Holmes AP, Friston K] (1998): Generalisability, random effects and
population inference. Neuroimage 7:754.

Indefrey P, Brown CM, Hellwig F, Ammunts K, Herzog H, Seitz R
(2001): A neural correlate of syntactic encoding during speech
production. Proc Natl Acad Sci U S A 98:5933-5936.

Janata P, Birk JL, Van Horn DJ, Leman M, Tillmann B, Bharucha JJ
(2002a): The cortical topography of tonal structures underlying
western music. Science 298:2167-2170.

Janata P, Tillmann B, Bharucha J (2002b): Listening to polyphonic
music recruits domain-general attention and working memory
circuits. Cogn Affect Behav Neurosci 2:121-140.

Jancke L, Mirzazade S, Shah NJ (1999): Attention modulates activity
in the primary and the secondary auditory cortex: a functional
magnetic resonance imaging study in human subjects. Neurosci
Lett 266:125-128.

Jeffries K, Fritz J, Braun A (2003): Words in melody: an H,'O PET
study of brain activation during singing and speaking. Neuro-
report 14:749-754.

Kiebel SJ, Poline JB, Friston KJ, Holmes AP, Worsley K] (1999):
Robust smoothness estimation in statistical parametric maps
using standardized residuals from the general linear model.
Neuroimage 10:756-766.

Koelsch S (2005): Neural substrates of processing syntax and seman-
tics in music. Curr Opin Neurobiol 15:1-6.

Koelsch S, Gunter TC, von Cramon DY, Zysset S, Lohmann G,
Friederici AD (2002): Bach speaks: a cortical ‘language-network’
serves the processing of music. Neuroimage 17:956-966.

Koelsch S, Fritz T, Schluze K, Alsop D, Schlaug G (2005): Adults and
children processing music: an fMRI study. Neuroimage 25:1068 -
1076.

Kohler E, Keysers C, Umilta M, Fogassi L, Gallese V, Rizzolatti G
(2002): Hearing sounds, understanding actions: action represen-
tation in mirror neurons. Science 297:846—848.

Krumhansl CL (1997): An exploratory study of musical emotions
and psychophysiology. Can J Exp Psychol 51:336-352.

Lane RD, Reiman EM, Bradley MM, Lang PJ, Ahern GL, Davidson
RJ, Schwartz GE (1997): Neuroanatomical correlates of pleasant
and unpleasant emotion. Neuropsychologia 35:1437-1444.

Liberzon I, Phan K, Decker L, Taylor SF (2003): Extended amygdala
and emotional salience: a PET activation study of positive and
negative affect. Neuropsychopharmacology 28:726-733.

Lohmann G, Miiller K, Bosch V, Mentzel H, Hessler S, Chen L, von
Cramon DY (2001): Lipsia—a new software system for the eval-

* 249 o



* Koelsch et al. ¢

uation of functional magnetic resonance images of the human
brain. Comput Med Imag Graph 25:449-457.

Lopez J, Akil H, Watson S (1999): Neural circuits mediating stress.
Biol Psychiatry 46:1461-1471.

Maess B, Koelsch S, Gunter TC, Friederici AD (2001): 'Musical
syntax’ is processed in the area of Broca: an MEG-study. Nat
Neurosci 4:540-545.

Mega M, Cummings ], Salloway S, Malloy P (1997): The limbic
system: an anatomic, phylogenetic, and clinical perspective. In:
Salloway S, Malloy P, Cummings J, editors. The neuropsychiatry
of limbic and subcortical disorders. Washington, DC: American
Psychiatric Press. p 3-18.

Meyer M, Steinhauer K, Alter K, Friederici AD, von Cramon DY
(2004): Brain activity varies with modulation of dynamic pitch
variances in sentence melody. Brain Lang 89:277-289.

Morris ], Frith C, Perret D, Rowland D, Young A, Calder A, Dolan
R (1996): A differential neural response in the human amygdala
to fearful and happy facial expressions. Nature 383:812-815.

Morris ], Friston K, Buechel C, Frith C, Young A, Calder A]J, Dolan
R (1998): A neuromodulatory role for the human amygdala in
processing emotional facial expressions. Brain 121:47-57.

Morris ], Scott S, Dolan R (1999): Saying it with feeling: neural
responses to emotional vocalizations. Neuropsychologia 37:
1155-1163.

Nakamura A, Yamada T, Goto A, Kato T, Ito K, Abe Y, Kachi T,
Kakigi R (1998): Somatosensory homunculus as drawn by MEG.
Neuroimage 7:377-386.

Nitschke JB, Nelson EE, Rusch BD, Fox AS, Oakes TR, Davidson RJ
(2004): Orbitofrontal cortex tracks positive mood in mothers view-
ing pictures of their newborn infants. Neuroimage 21:583-592.

Oldfield RC (1971): The assessment and analysis of handedness: the
Edinburgh inventory. Neuropsychology 9:97-113.

Pardo J, Wood T, Costello P, Pardo P, Lee J (1997): PET study of the
localization and laterality of lingual somatosensory processing
in humans. Neurosci Lett 234:23-26.

Penfield W, Rasmussen T (1952): The cerebral cortex of man. New
York: Macmillan.

Peretz I, Blood A]J, Penhune V, Zatorre R (2001): Cortical deafness to
dissonance. Brain 124:928-940.

Phillips M, Young A, Senior C, Brammer M, Andrew C, Calder A,
Bullmore E, Perrett D, Rowland D, Williams S et al. (1997): A
specific neural substrate for perceiving facial expressions of dis-
gust. Nature 389:495-498.

Phillips M, Bullmore E, Howard R, Woodruff P, Wright I, Williams
S, Simmons A, Andrew C, Brammer M, David A (1998a): Inves-
tigation of facial recognition memory and happy and sad facial
expression perception: an fMRI study. Psychiatry Res Neuro-
imag 83:127-138.

Phillips ML, Young AW, Scott SK, Calder AJ, Andrew C, Giampi-
etro V, Williams SCR, Bullmore E, Brammer M, Gray JA (1998b):
Neural responses to facial and vocal expressions of fear and
disgust. Proc R Soc Lond B 265:1809-1817.

Phillips M, Drevets W, Rauch S, Lane R (2003): Neurobiology of
emotion perception. I. The neural basis of normal emotion per-
ception. Biol Psychiatry 54:504-514.

Riecker A, Ackermann H, Wildgruber D, Dogil G, Grodd W (2000):
Opposite hemispheric lateralization effects during speaking and
singing at motor cortex, insula and cerebellum. Neuroreport
11:1997-2000.

Rizzolatti G, Craighero L (2004): The mirror-neuron system. Annu
Rev Neurosci 27:169-92.

Robbins T, Everitt B (1996): Neurobehavioural mechanisms of re-
ward and motivation. Curr Opin Neurobiol 6:228-236.

Rolls ET (2004): The function of the orbitofrontal cortex. Brain Cogn
55:11-29.

Russell JA (1980): A circumplex model of affect. ] Personal Social
Psychol 39:1161-1178.

Sander K, Scheich H (2001): Auditory perception of laughing and
crying activates human amygdala regardless of attentional state.
Cogn Brain Res 12:181-198.

Schellenberg EG, Trehub SE (1994): Frequency ratios and the per-
ception of tone patterns. Psychonom Bull Rev 1:191-201.

Scott SK, Young AW, Calder AJ, Hellawell DJ, Aggleton JP, Johnson
M (1997): Impaired auditory recognition of fear and anger fol-
lowing bilateral amygdala lesions. Nature 385:254-257.

Suzuki W, Amaral D (1994): Perirhinal and parahippocampal corti-
ces of the macaque monkey: cortical afferents. ] Comp Neurol
350:497-533.

Talairach J, Tournoux P (1988): Co-planar stereotaxic atlas of the
human brain. Three-dimensional proportional system: an ap-
proach to cerebral imaging. Stuttgart: Thieme.

Taylor S, Liberzon I, Fig L, Decker L, Minoshima S, Koeppe R (1998):
The effect of emotional content on visual recognition memory: a
PET activation study. Neuroimage 8:188-197.

Tettamanti M, Buccino G, Saccuman MC, Gallese V, Danna M, Scifo
P, Fazio F, Rizzolatti G, Cappa SF, Perani D (2005): Listening to
action-related sentences activates fronto-parietal motor circuits. J
Cogn Neurosi 17:273-281.

Tillmann B, Janata P, Bharucha JJ (2003): Activation of the inferior
frontal cortex in musical priming. Cogn Brain Res 16:145-161.

Trainor L], Heinmiller BM (1998): The development of evaluative
responses to music: infants prefer to listen to consonance over
dissonance. Infant Behav Dev 21:77-88.

Van de Geer |, Levelt W, Plomp R (1962): The connotation of musical
consonance. Acta Psychol 20:308-319.

Wedin L (1972): A multidimensional study of perceptual-emotional
qualities in music. Scand ] Psychol 13:241-257.

Whalen PJ, Rauch SL, Etcoff NL, McInerney SC, Lee MB, Jenike MA
(1998): Masked presentations of emotional facial expressions
modulate amygdala activity without explicit knowledge. ] Neu-
rosci 18:411-418.

Wildgruber D, Ackermann H, Klose U, Kardatzki B, Grodd W
(1996): Functional lateralization of speech production at primary
motor cortex: an fMRI study. Neuroreport 4:2791-2795.

Worsley K, Marrett S, Neelin P, Vandal A, Friston K, Evans A (1996):
A unified statistical approach for determining significant signals
in images of cerebral activation. Hum Brain Mapp 4:58-73.

Zald DH (2003): The human amygdala and the emotional evaluation
of sensory stimuli. Brain Res Rev 41:88-123.

Zald DH, Pardo JV (1997): Emotion, olfaction and the human amyg-
dala: Amygdala activation during aversive olfactory stimulation.
Proc Natl Acad Sci USA 94:4119-4124.

Zald D, Pardo ] (2000): Cortical activation induced by in-
traoral stimulation with water in humans. Chem Senses 25:
267-275.

Zald DH, Pardo JV (2002): The neural correlates of aversive auditory
stimulation. Neuroimage 16:746-753.

Zentner MR, Kagan ] (1998): Infants” perception of consonance and
dissonance in music. Infant Behav Dev 21:483-492.

* 250 ¢



