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Abstract

To determine how vocally expressed emotion is processed in the brain, we measured neural activity in healthy volunteers
listening to fearful, sad, happy and neutral non-verbal vocalizations. Enhanced responses to emotional vocalizations were seen in
the caudate nucleus, as well as anterior insular, temporal and prefrontal cortices. The right amygdala exhibited decreased
responses to fearful vocalizations as well as fear-specific inhibitory interactions with left anterior insula. A region of the pons,
implicated in acoustic startle responses also showed fear-specific interactions with the amygdala. The data demonstrate: firstly,
that processing of vocal emotion involves a bilaterally distributed network of brain regions; and secondly, that processing of
fear-related auditory stimuli involves context-specific interactions between the amygdala and other cortical and brainstem
regions implicated in fear processing. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Studies of patients with focal brain damage impli-
cate temporal cortex, insula, basal ganglia and ventral
prefrontal cortex in the perception and expression of
vocal emotion [6,7,13,15-17,23,34,35]. Right hemi-
sphere specialization for vocal emotion processing has
been proposed on the basis of right posterior
(Wernicke-like) lesions being associated with sensory
aprosodias, and right anterior (Broca-like) damage
producing expressive deficits [13,35]. However, pro-
blems with vocal emotion have also been reported with
brain pathologies not conforming to this right hemi-
spheric, anterior-posterior categorization [6, 7, 5, 17,
27, 34]. Moreover, a functional imaging study of recep-
tive emotional prosody found activations in right ven-
tral prefrontal cortex rather than the posterior areas
predicted by Gorelick and Ross’s (1988) model [13].
These data suggest that the neural processing of vocal

* Corresponding author. Fax: +44-171-813-4120.
E-mail address: r.dolan@fil.ion.fil.ucl.ac.uk (R.J. Dolan)

emotion may have a more complex anatomical distri-
bution than originally proposed. This is congruent
with the complexity of paralinguistic and prosodic
emotional cues expressed in human vocalizations.

Bilateral amygdala damage has been associated with
selectively impaired recognition of fearful and angry
vocalizations [37], providing evidence for functional
specialization within neural systems processing vocal
emotion. The amygdala, which is implicated in fear
conditioning [5,20,21,24], modulation of startle re-
sponses to fear-conditioned stimuli [8] and perception
of fearful facial expressions [1,4,25,28], appears to play
a crucial multimodal role in fear processing. There are
extensive anatomical connections between the amyg-
dala and prosody-related brain regions, e.g. insula,
basal ganglia, temporal and ventral prefrontal cortices
[2], consistent with the suggestion that an interacting
network of brain regions is engaged in processing
vocal emotion. We are not aware of any study, how-
ever, that has addressed the issue of the amygdala’s
functional interactions during auditory affective pro-
cessing.

In this study we used positron emission tomography
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Brain regions with (A) enhanced and (B) decreased responses to emotional (fearful, happy and sad) voices compared to neutral. Coordinates of
maximally activated voxels, Z scores and P values are shown

Coordinates Z score P value

(A) Increased responses
L. mid. temporal gyrus —62, —6, —4 3.37 < 0.001
L. sup. frontal gyrus 0, 54, 42 3.18 0.001
L. ventral prefrontal cortex -36, 30, —14 2.98 0.001
L. ant. insula —34, 12, —16 2.92 0.002
R. ventral prefrontal cortex 34, 36, —12 2.71 0.003
R. ant. insula 46, 20, —2 2.65 0.004

42,12, 4 2.22 0.013
R. caudate nucleus 14, 6, 10 2.62 0.004
(B) Decreased responses
L. insula —32, —12, 26 3.88 < 0.001
R. insula 36, —4, 22 3.88 < 0.001
L. mid. temporal gyrus —60, —56, —8 3.65 < 0.001
L. inf. temporal gyrus —52, —18, —26 3.46 < 0.001
R. fusiform gyrus 32, —44, —18 3.34 < 0.001

(PET) to measure neural activity during presentation
of sad, happy, fearful and neutral non-verbal vocaliza-
tions. Male and female vocalizations were included in
each emotional category and subjects were required to
perform a sex decision task (i.e. indicate male or
female) for each individual vocal presentation. Subjects
were not explicitly informed of the emotional exper-
imental variable. On the basis of previous lesion stu-
dies [6,7,13,15-17,23,34,35] differential activation in
regions such as insula, basal ganglia, temporal and
ventral prefrontal cortices was expected during the
emotional conditions. Also, a specific response in the
amygdala in relation to fearful voices was expected in
view of its role in fear processing.

2. Methods

Six right-handed male subjects (mean age 32.7 years)
took part in the study. All subjects were unmedicated,
and had no past history of neurological or psychiatric
illness. Informed consent was obtained and the study
was approved by the local hospital ethics committee
and ARSAC(UK). Each subject had 12 scans of the
distribution of HA’0 which were obtained using a
Siemens/CPS ECAT EXACT HR +PET Scanner oper-
ated in high sensitivity 3-D mode. Subjects received a
total of 350MBq of H3°O over 20 s through a forearm
cannula. Images were reconstructed into 63 planes,
using a Hanning filter, resulting in a 6.4 mm transaxial
and 5.7 mm axial resolution (full width half maxi-
mum). Each scanning window was of 90 s duration.

Non verbal, neutral sounds (voiced nasals) were pro-
duced by two native English speakers (one male and

one female) at different pitches and digitized. These
matched the overall duration (range 1-2 s) and fre-
quency content of happy, sad and fearful vocalizations
from the same speakers which have been described in
a previous report [37]. During scanning, 10 vocal stim-
uli from one of the four emotional categories were pre-
sented every 6 seconds while subjects performed a sex
decision task (‘male’ or ‘female’) by pressing one of
two buttons with their right hand. Post-scanning, 20 of
the emotional sounds (5 from each category) were pre-
sented again and subjects categorized them as either
‘happy’, ‘sad’, ‘fearful’, ‘neutral’ or ‘other’ (specified
by the subject).

The PET data were analyzed using statistical para-
metric mapping (SPM96) software from the Wellcome
Department of Cognitive Neurology, London. After
initial realignment, the PET scans were transformed
into a standard stereotactic space. Structural MRIs
from each subject were co-registered into the same
space. The scans were then smoothed using a Gaussian
filter set at 12 mm full width at half maximum. The
rCBF measurements were adjusted to a global mean of
50 ml/dl/min. A blocked (by subject) Ancova model
was fitted to the data at each voxel, with condition
effects for each of the 4 emotional conditions, and glo-
bal CBF as a confounding covariate. Predetermined
contrasts of the condition effects at each voxel were
assessed using a f-statistic, giving a statistic image for
each contrast.

In subsequent regression analyses, the adjusted
rCBF values at the maximal foci of activation in corti-
cal and subcortical areas of interest were grouped into
fearful and non-fearful (happy, sad, and neutral) con-
ditions. These two sets of values were then used as
covariates of interest in a separate analysis testing for
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Fig. 1. (a) An SPM showing a region in left middle temporal gyrus with enhanced responses in the contrast of emotional versus non-emotional
conditions. The activation is displayed on transverse slices (z = 4 and —6 mm) of a canonical MRI. An uncorrected P value of 0.01 was used as
the threshold for the contrast; (b) mean rCBF values in each of the 4 conditions for the maximal voxel (x = 62, y=—6, z=—4) of the region dis-
played in (a). Bars represent 2 standard errors; (c) an SPM showing regions in left anterior insula and ventral prefrontal cortex with enhanced re-
sponses in the contrast of emotional vs non-emotional conditions. The activation is displayed on transverse slices (z = 14 and —16 mm) of a
canonical MRI; (d) mean rCBF values in each of the 4 conditions for the maximal voxel (x=—34, y = 12, z=—16) in the anterior insula dis-

played in (c). Bars represent 2 standard errors.

pyschophysiological interactions [10]. The condition
blocks and the global CBF values were used as con-
founding covariates. Differences between the regression
slopes obtained for the covariates of interest (i.e. fear-
ful vs non-fearful) were tested directly at every voxel
to produce an SPM(t) showing brain areas in which
the regression of activity with the region of interest
changed significantly as a function of emotional cat-
egory. The general methods employed by SPM are
described in detail by Friston et al. [11].

3. Results

In the explicit sex decision task, all subjects per-
formed close to ceiling (>90% correct). In emotion

identification tests conducted post-scanning the overall
identification rate was 80.12%, with individual scores
of 100% for happy, 70% for fearful, 75% for sad, and
80% for neutral. In post-scan debriefing, no subjects
demonstrated any knowledge that the emotional con-
tent of the voices was critical to the experiment.
Compared to the neutral condition, emotional voca-
lizations (fearful, happy and sad) produced greater
neural responses in left middle temporal gyrus (BA21),
left superior frontal gyrus (BA9), right caudate
nucleus, bilateral anterior insula, and bilateral ventral
prefrontal cortex (BAll) (Table 1 and Fig. 1). Within
these emotion-related regions (Table 1), a selectively
increased response to fearful voices was seen in a
region of the left anterior insula (Fig. 2a). Other brain
regions with fear-related increases in activity are
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Fig. 2. (a) An SPM showing a region in left anterior insula with enhanced responses in the contrast of fearful vs all other conditions. The acti-
vation is displayed on a transverse slice (z=—14 mm) of a canonical MRI. An uncorrected P value of 0.01 was used as the threshold for the con-
trast; (b) an SPM showing regions in right amygdala and right anterior insula with decreased responses in the contrast of fearful vs all other
conditions. The activation is displayed on a coronal slice (y=—4 mm) of a canonical MRI; (¢c) mean rCBF values in each of the 4 conditions for
the maximal voxel (x=—34, y = 18, z=—14) of the left anterior insula displayed in (a). Bars represent 2 standard errors; (d) mean rCBF values
in each of the 4 conditions for the maximal voxel (x = 18, y=—4, z=-22) in the right amygdala displayed in (b). Bars represent 2 standard
errors; (e) bivariate regression plot of rCBF in the maximally activated voxels in left anterior insula (see (a) and (c)) and right amygdala (see (b)
and (d)) during presentation of fearful voices; (f) bivariate regression plot of rCBF in the maximally activated voxels in left anterior insula (see
(a) and (c)) and right amygdala (see (b) and (d)) during presentation of happy, sad and neutral voices.



J.S. Morris et al. | Neuropsychologia 37 (1999) 1155-1163 1159

Table 2

Brain regions with (A) enhanced and (B) decreased responses to fearful voices compared to all other conditions (happy, sad and neutral).

Coordinates of maximally activated voxels, z scores and P values are shown

Coordinates Z score P value

(A) Increased responses

R. sup. frontal gyrus 16, 46, 36 3.17 0.001
R. ventral prefrontal cortex 28, 40, —24 2.80 0.003
L. mid. temporal gyrus —72, =26, —10 2.63 0.004
L. ant. insula —34, 18, —14 2.51 0.006
(B) Decreased responses

R. ant. insula 34, 10, 20 3.80 < 0.001
R. amygdala 18, —4, =22 3.09 0.001

detailed in Table 2A. Activity in the right insula and
right amygdala, in contrast, was selectively decreased
in the fearful condition (Fig. 2b and Table 2B).

In order to determine whether processing of fear-re-
lated vocalizations is associated with fear-specific inter-
actions within a network of brain regions, neural
responses in the sole region where emotion-related ac-
tivity was enhanced in the fearful condition (left an-
terior insula, maximal voxel x=-34, y = 18, z=—14),
were used as a predictor variable in a separate re-
gression analysis [10]. In essence, this analysis identifies
the presence of context-specific (i.e. fear-related) inter-
actions between the insula and other brain regions. As
demonstrated in Fig. 2¢e and f, a significant
(P < 0.001) fear-specific interaction is present between
left insula and right amygdala. The negative regression
between these regions during fearful vocalizations (Fig.
2e) contrasts to the positive regression of activity in
the other emotional conditions (Fig. 2f).

A similar regression analysis, using neural responses
from the right amygdala (maximal voxel x = 18,
y=—4, z=-22) as the covariate of interest, revealed a
significant (P < 0.01) fear-specific interaction with a
region of the pons encompassing the nucleus reticularis
pontis caudalis (NRPC) (Fig. 3). A negative regression
between amygdala and NRPC activity is present
during fearful vocalizations (Fig. 3b) in contrast to the
positive regression between these regions in all other
conditions (Fig. 3c). The analysis demonstrates, there-
fore, that a change in covariation of amygdala and
NRPC activity occurs specifically during the context of
fearful vocalizations.

4. Discussion

The data from this study provide evidence for a
more complex model of vocal emotional processing
than that proposed from ecarlier lesion studies [13]. In
particular, the results do not support the view that a
non-dominant homologue of Wernicke’s area is the

only region specialized for perceiving emotion in the
voice. Instead, we found that emotional vocalizations
engaged structures such as the caudate nucleus, an-
terior insula, temporal and ventral prefrontal cortices
across both hemispheres (Table 1). Although responses
in these regions were relatively small, they generally
accord with predictions based upon lesion data
[6,7,13,15-17,23,34-36]. It is noteworthy that in a
large study involving 46 patients with aprosodia, the
brain regions most strongly implicated were in basal
ganglia, anterior temporal lobe, insula and perisylvian
cortex [6].

Profound non-verbal auditory agnosia and aproso-
dia, with preservation of other linguistic abilities, have
been reported following circumscribed bilateral insula
infarcts [15]. The left insula in particular appeared to
be crucial in determining the receptive dysprosody seen
in Habib et al.’s [15] study, and has also been impli-
cated in expressive dysprosody and general speech
apraxia [9]. The association with aprosodia is consist-
ent with the insula’s extensive reciprocal anatomical
connections with auditory structures, including adja-
cent auditory cortex and medial geniculate nucleus,
and its connections to regions such as amygdala, an-
terior cingulate, orbitofrontal, opercular and inferior
frontal cortices that are implicated in affective and
motivational functions [3]. Furthermore, animal studies
suggest that the insula is involved in the temporal
structuring of auditory perception in different beha-
vioural contexts [14], a view consistent with a previous
functional neuroimaging study in which the left insula
(with left inferior Broca) was the only area activated
when subjects discriminated sequences on the basis of
rhythm [29]. A similar left insula response was seen in
the present study even though subjects did not expli-
citly attend to the different rhythms in the stimuli.
Since emotional sounds all contain temporally ordered
substructures relevant to the identity of the sound,
such rhythmic processing may be an obligatory aspect
of the perception of these stimuli [26].

Whereas previous lesion [13,16,36] and neuroima-
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Fig. 3. (a) An SPM showing a region of the pons where there is a significant (P < 0.01) fear-specific change of covariation with right amygdala
activity. The activation is displayed on orthogonal slices of a canonical MRI centred on the maximally activated voxel (x = 2, y=—36, z=—38).
An uncorrected P value of 0.01 was used as the threshold for the contrast; (b) bivariate regression plot of *CBF in the maximally activated voxel
in the pons (x = 2, y=-36, z=—38) during presentation of fearful voices; (c) bivariate regression plot of *CBF in the maximally activated voxel
in the pons (x = 2, y=—36, z= —38) during presentation of happy, sad and neutral voices.

ging [12] data have tended to show right hemisphere [6,7,15,17] has been interpreted in terms of inter-hemi-
dominance for emotional prosody, some of our results spheric interactions required to integrate the right-
show left lateralization of responses. Lesion evidence sided prosodic and left-sided propositional content of
of left hemisphere involvement in emotional prosody speech. However, since we used entirely non-verbal
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stimuli, our results cannot be attributed simply to left
hemisphere language specialization. Left-sided domi-
nance for vocal stimuli in general, and a left hemi-
sphere (particularly left insula) specialization [14,27,29]
for the temporal ordering of auditory information may
provide other explanations for the lateralization. Left-
sided lesions appear to have a greater effect on the rec-
ognition of negative vocal emotion [27]. This finding is
consistent with the pattern of left-sided insula re-
sponses to fearful and sad voices observed in the pre-
sent study (Fig. 1 (¢) and (d)).

It is possible that the explicit sex decision task per-
formed by subjects during scanning may have biased
responses to the left hemisphere. Behavioural exper-
iments have shown that classification of faces into
male and female involves a strong left hemisphere
dominance (particularly in males), even though face
discrimination in general is more associated with the
right hemisphere [18,19]. A neuroimaging study of
healthy male subjects performing a sex decision task
with fearful and happy faces found responses strongly
lateralized to the left amygdala [25]. The vocal sex de-
cision task in the present study may also have prefer-
entially engaged the left hemisphere of the exclusively
male subjects, thus producing the lateralized results. It
is possible that a different pattern of neural activity
would be seen in female subjects.

The fear-related amygdala activity in the present
study (Table 2b and Fig. 2b) is consistent with lesion
data showing a selective recognition deficit for fearful
vocalizations in a patient with bilateral amygdala
damage [37]. Furthermore, an association between
right amygdala activity and fearful vocalizations has
been previously reported by another neuroimaging
study, although the response in the amygdala was
described as an ‘activation’ rather than a decrease in
activity [28]. However, the method of data analysis
used in the other experiment [28] did not distinguish
the sign of the response, and treated all condition-re-
lated deviations from baseline activity, either negative
or positive, as ‘activations’. It is possible, therefore,
that the fear-specific decrease in right amygdala re-
sponse observed in the present experiment is equivalent
to the other study’s ‘activation’.

The decreased amygdala response to fearful voices
does, however, contrast with the previously observed
increased amygdala responses to fearful facial ex-
pressions [4,25]. There are several possible explanations
for these differing results. It is known from electro-
physiological studies [30,32,33] that amygdala cells
have complex response patterns to afferent stimulation.
Typical responses (c. 75% of all cells) involve multi-
phasic excitatory and inhibitory activity; pure excit-
atory or inhibitory responses are less common.
Electrophysiological [31] and neuroimaging studies
[5,20] have also revealed that amygdala responses ha-

bituate rapidly. Since PET integrates neural activity
across 90 s, mean recorded amygdala activity depends
crucially on temporal response dynamics, e.g. non-lin-
ear response summation as a function of stimulus fre-
quency, the effect of blocked vs random stimulus
presentation and  habituation across  session.
Differential auditory and visual response dynamics in
the amygdala for fearful stimuli may explain, there-
fore, the contrasting changes in mean activity between
the two sensory modalities.

The decrease in amygdala activity observed in the
fearful condition may also have resulted from extrinsic
inhibitory modulation. Behavioural and electrophysio-
logical data provide evidence that the amygdala is sub-
ject to inhibitory modulation by frontal regions
[22,39]. In keeping with these findings, we observed
that the anterior insula, which selectively increased its
activity during fearful voice presentation, exhibited a
fear-specific inhibitory interaction with the right amyg-
dala. Although these data are suggestive of functional
interactions between amygdala and insula, further in-
vestigation is required to determine the nature of the
mechanisms involved.

Several subjects, during post-scan debriefing, spon-
taneously reported that the fearful voices were ‘star-
tling’. One of the best studied phenomena in fear
processing, the acoustic startle reflex, is mediated by a
pathway in the brainstem involving the ventral
cochlear nucleus, ventral nucleus of lateral lemniscus
and the nucleus reticularis pontis caudalis (NRPC) [8].
Fear-related modulation of the startle reflex has been
shown in animal studies to involve a direct projection
from amygdala to NRPC [8,38]. The fear-specific inter-
action between the right amygdala and a region of the
pons with a maximal focus coincident with the NRPC
accords, therefore, with the known anatomy of des-
cending amygdala projections. Our data imply that
brain regions involved in acoustic startle interact with
systems mediating auditory affective processing, pro-
viding evidence, therefore, of functional integration
across different neural networks.

In conclusion, we have identified a distributed neural
system responsive to emotional vocalizations involving
pontine, caudate and amygdala nuclei, as well as
insula, temporal and ventral prefrontal cortices.
Within this system, specific differential responses to
fearful vocal sounds were seen in right amygdala and
left insula. Regression analyses based on the neural ac-
tivity in these regions identified the presence of fear-
specific interactions between the anterior insula, amyg-
dala, and a pontine region (NRPC) implicated in
acoustic startle. The findings are broadly consistent
with human lesion data on aprosodia and animal ex-
periments on fear-potentiated startle, but they fail to
support models of vocal emotion processing in which
only the right hemisphere has a significant role.
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Rather, the data suggest that processing of emotional
vocalizations requires not only functional specializ-
ation, e.g. selective amygdala and insula responses to
fearful voices, but also the integration of neural ac-
tivity across left and right hemispheres and the brain-
stem.
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